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Low-value biomass materials such as processing co-products and agricultural 
wastes possess abundant potential in value-added products production. The effort for 
utilization of these materials, especially as the substrate for fermentation process was 
limited by the low availability of fermentable sugar. This is due to the presence of lignin 
and hemicellulose in biomass structure, which entails appropriate pretreatment procedure 
to be conducted to expose the cellulose for the enzymatic reaction. Alkali-based 
pretreatments offer the attractive benefit of low inhibitor compound production. In this 
study, low moisture anhydrous ammonia (LMAA) pretreatment was conducted on 
selected biomass. Anhydrous ammonia, which is a gaseous state pretreatment agent, is 
naturally evaporated from the biomass after the process, therefore, have considerable 
potential to be recycled.  
Selected materials were Distillers Dried Grains with Solubles (DDGS), corn 
gluten feed (CGF), and corn fiber (CF) from corn processing industries and oil palm 
frond (OPF) from oil palm plantation site. These materials are either sold at a relatively 
low price or with no value at all. The study was conducted using raw materials at 
different moisture contents (30 % and 50 % db.) and several incubation periods (24, and 
72 h). The changes in the percentages of lignin, α-cellulose, and hemicellulose in each 
biomass along with the changes enzymatic digestibilities percentages were assessed. 
There was no significant difference in the results for most of the cases between materials 
incubated at 24 h with those incubated for 72 h. For the moisture content (MC) effect, 
higher MC (50 %) CGF and CF gave significantly higher percentages of α-cellulose than 
those of 30 % MC, while the case was vice versa for DDGS and OPF. The compositional 
xix 
results were compared to the enzymatic digestibilities results to determine the best 
LMAA operating conditions. 
The results suggest that LMAA-treated DDGS, CGF, and CF could be additional 
feedstocks for the ethanol fermentation process. Other than fermentation into ethanol, 
glucose obtained from the hydrolysate of treated biomass is also a suitable substrate for 
butanol production or other fermentation-based products (i.e., biochemical). Works on 
cellulosic butanol production from a variety of raw materials are still lacking. Therefore, 
this study also attempts to assess the potential of LMAA-treated biomass for butanol 
production. OPF was used as the model substrate for all SuperPro Designer simulation 
works.  
Economies of scale effect have shown that acetone-butanol-ethanol (ABE) 
fermentation plant at 95.34 × 106 L butanol/y size gave the minimum butanol production 
cost ($ 2.05/L). The major operating expenditures (OpEx) contributor was utilities (41 
%), followed by materials cost (21.72 %). The major capital expenditures (CapEx) 
contributor was ABE fermentation section (67.17 %). Optimization of the processes 
through sensitivity analysis showed that by achieving higher enzymatic digestion yield in 
the hydrolysis process, the butanol production cost could potentially reduce to $ 1.63/L. 
In the next part of the study, improvements on the models were applied, which 
includes the application of the CHP system to supply the heat and power for the entire 
plant and on-site cooling water generation. The simulation also conducted using different 
pretreatment (LMAA, autohydrolysis, SAA, and NaOH) and products separation (in-situ 
stripping, adsorption, pervaporation, and dual extraction) approaches. The results have 
shown that among all pretreatment tested, NaOH pretreatment gave the best yield, while 
xx 
the best yield among all products separation techniques was given by adsorption process. 
Nevertheless, the lowest butanol production cost of $ 1.58/L was recorded from the 
combination of LMAA pretreatment and in-situ stripping process. In several of the 
chosen models, by considering xylose content and its potential in butanol production, 
further reduction of butanol production costs was recorded with promising profit 
generated. 
The final part of the study focused on the environmental impacts of all plant 
models simulated. The assessed impacts were global warming potential (GWP), 
ecotoxicity potential, and eutrophication potential. SAA pretreatment and pervaporation 
process recorded among the lowest GWP. LMAA in combination with in-situ stripping 
process recorded net energy value (NEV), net energy ratio (NER), and fossil energy ratio 
(FER) in the middle range among all other models simulated. The fact that these values 
were neither the lowest nor the highest might indicate that LMAA pretreatment possesses 
a potential for more detail study and commercialization. Techno-economic analysis and 
life-cycle assessment are necessary to determine the feasibility and sustainability of 
butanol production from cellulosic co-products and waste materials. The data is useful for 
further development effort of the processes. 
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CHAPTER 1.    INTRODUCTION AND LITERATURE REVIEW OF BIOFUEL, 
BUTANOL, AND PRETREATMENT 
Introduction 
Energy security, since a long ago, has been one of the main agenda of many 
developed countries, mainly due to their high level of consumption. Developing countries 
likewise, urgently need to secure low-cost energy for their development and improvement of 
life quality, which often could only be achieved using fossil-based fuel (UNCTAD, 2017). 
Fossil fuels are, however creating significant emissions that are detrimental to the earth. In 
addition to that, the resource is expected to be depleted over time. Although the enhanced 
fracking technology established in the U.S. have made successful retrieve of shale oil and 
gas, the technology is considered not feasible for a small developing country without a 
substantial foreign private investment, let alone the further refining technology (Gheorghiu, 
Simon, & Burley, 2014; McMahon, 2013). Furthermore, there are potential impacts from the 
activity including the frequent occurrence of earthquake and water contamination around the 
fracking sites (Dutzik, Ridlington, & Rumpler, 2012; Paylor, 2017; Werber, 2018).  
The increasing use of fossil-based fuel has an alarming greenhouse gas (GHG) effect. 
A recent report by the Intergovernmental Panel on Climate Change (IPCC) has emphasized 
that a significant diversion of energy source into renewable energy is urgently needed to 
avoid increasing average earth surface temperature by 1.5 – 2.0 °C (IPCC, 2018). It signified 
the importance of renewable energy in climate change mitigation and that every country 
should more seriously and immediately adopt it. Over time, renewable energy technologies 
have shown a significant improvement in the efficiency and cost, which could be attractive to 
broader groups including small developing countries especially to serve its isolated 
vulnerable society (Johnston, 2016; Jonathan, 2018; UN, 2017). Renewable energies as the 
2 
primary energy source for a country not only an energy security solution but also climate 
security solution, and it is sustainable (Koranyi, 2016). 
Most known renewable energies are wind, solar, hydro, geothermal, and biofuel. 
Wind, solar, hydro, and geothermal energies are a potential energy source for the stationary 
energy system (electricity). Biofuels, on the contrary, is the only one able to replace liquid 
fossil fuel used in the transportation sector. This work focuses on the biofuels production 
process, specifically butanol, including feedstocks preparation process and evaluations for 
commercial application.   
A widely-used biofuel for gasoline substitute is ethanol. However, butanol is 
theoretically better than ethanol because it is less corrosive and hygroscopic, as well as it has 
higher energy content and blending-into-gasoline limit. These characteristics have made the 
processing and distribution of butanol more desirable. The study of butanol as a biofuel has 
started long ago but undergone relatively slow development due to the low yield of the 
process. Similar to ethanol, butanol can be produced from a variety of feedstocks, from 
grains to agricultural wastes (for example corn stover, rice husk, and oil palm fiber) and 
processing co-products (for example Distillers Dried Grains with Solubles (DDGS) and palm 
oil mill effluent). Production of butanol from these feedstocks is possible through acetone-
butanol-ethanol (ABE) fermentation process.  
In the recent decade, issues including food versus fuel, high food price, and increasing 
deforestation for biofuel-crop plantation has made the study on production of biofuels more 
concentrated on the lignocellulosic feedstocks (second-generation biofuel), which are 
renewable, cheaper, abundant, readily available throughout the year, and does not compete 
with food. There is a controversy that increasing demand for corn, soybeans, sugarcane, 
3 
rapeseed oil, and palm oil for biofuel production had caused an increase in world food prices 
by 10 – 40 % (Coyle, 2007; Tenenbaum, 2008). In addition to that, a life cycle assessment 
suggested that utilization of lands for growing biofuel feedstocks (as demanded by current 
first-generation biofuel) for certain crops, potentially increase the greenhouse gas (GHG) 
emissions due to indirect land use change (Searchinger et al., 2008). These have shown the 
attractive benefits of second-generation biofuels as opposed to first-generation biofuels.  
Potential feedstocks evaluated in this study, for cellulosic butanol production, 
includes Distillers Dried Grains with Solubles (DDGS), corn gluten feed (CGF), corn fiber 
(CF), and oil palm frond (OPF). DDGS, CGF, and CF are the co-products from corn 
processing industries, including dry and wet milling, which are currently sold at a low profit 
(Irwin & Good, 2015). OPF, which is the waste generated from oil palm plantation, the 
primary agriculture sector in several Southeast Asia and Africa countries, currently have no 
significant commercial value. Most of the utilization of OPF only limited within the research 
environment, therefore giving no profit to their growers (Abdullah & Sulaiman, 2013). These 
materials offer a promising amount of hemicellulose and cellulose (Table 1.1), in which, with 
appropriate conversion techniques, could yield a promising amount of fermentable sugars 
(glucose and xylose) for biobutanol production.  
To be an appealing fossil fuel alternative, not only must butanol have excellent fuel 
properties but also must have a competitive production cost. Biobutanol is produced utilizing 
a rather straightforward conversion, yet a few aspects in biobutanol production are rather 
expensive, which eventually suffer its overall production cost. One crucial processing aspect 
needs more improvement is the pretreatment stage, the first stage of the conversion process, 
which required to break the recalcitrant structure of lignocellulosic biomass. Various 
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pretreatment methods invented for the purpose have been questioned because the process is 
driving up the production cost of biofuel. A study by da Silva, Torres Ortega, & Rong (2016) 
found that the minimum pretreatment cost contributed to about 40 % of biofuels production 
cost, due to the high liquid requirement, harsh processing conditions, and a high amount of 
chemical used as well as waste produced in the pretreatment process.  
Ammonia-based physiochemical pretreatments are among the most explored to 
eliminate these drawbacks, because of the attractive properties of ammonia as a pretreatment 
agent including a swelling effect, delignification effect, and preservation effect (Li & Kim, 
2011a; Yoo, Nghiem, Hicks, & Kim, 2011). The available ammonia-based pretreatments 
including ammonia fiber explosion (AFEX), ammonia recycle percolation (ARP), and low 
liquid ammonia pretreatment (LLA) are either require high energy or high liquid loading, 
thus, not entirely feasible for commercial application. In 2011, low moisture anhydrous 
ammonia (LMAA) pretreatment was introduced, which employs gaseous ammonia 
pretreatment agent at nearly ambient operating conditions (Yoo et al., 2011). The use of 
gaseous ammonia gives a significant reduction of the liquid requirement and being a gas, it 
has a property of naturally evaporating. Thus, not require an additional water-washing step. 
The subsequent studies proved the efficiency of this pretreatment (Yang & Rosentrater, 
2017).  
In this study, attempts were made to increase the digestibility of DDGS, CGF, CF, 
and OPF through LMAA pretreatment and to evaluate the potential of one of the materials as 
feedstock for ABE fermentation. The economic feasibility and environmental performance of 
the process were evaluated through techno-economic analysis (TEA) and life cycle 
assessment (LCA), combining the best parameters and set-up for the LMAA pretreatment 
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and ABE fermentation process. The study could provide a competitive way for 
lignocellulosic biomass utilization, which at the same time could provide waste reduction 
effect and environmental preservation effect through the biobutanol produced. 
Literature Review 
Fuel is an energy source to power various machinery. Fossil-based fuels are currently 
of premier resources to humankind with increasing dependency over the years. Liquid fuels 
(oil) such as gasoline and diesel, contributed to approximately 39.9 % world consumption 
(IEA, 2015a). In 2013, transportation sectors recorded total liquid fuels consumption of 63.8 
%, and industrial sectors recorded 8.4 % (IEA, 2015a). In 2016, the total worldwide oil 
consumption was more than 96 × 106 barrels/day (BP, 2017a). There were in total about 806 
× 106 cars and light trucks recorded in 2007, and the numbers are expected to increase to 1.3 
× 109 by 2030 and 2 × 109 by 2050. Following these trends, oil consumption is also projected 
to increase (World Business Council for Sustainable Development (WBCSD), 2004). 
Although there is tremendous growth in the electric and hybrid car industries, internal 
combustion engines are still expected to be dominating with the projection of about 94 % of 
all motorized in 2035 (BP, 2017b; Stone, 2017). 
Over the past couple of decades, research to find a substitute for liquid fossil fuel 
have been spurring with the aim to provide alternative energy, so-called biofuel, with better 
carbon dioxide (CO2) footprint, as well as lower and stable price. Liquid fossil fuels, 
especially gasoline and diesel, are sold with a fluctuated price range. It ever happened that 
the crude oil price has increased as high as an unprecedented level of $ 145/barrel (July 
2008) and dropped as low as $ 30/barrel (early 2016). Problems such as political issues, 
economic stability, and discovery of new oil (i.e., shale oil in the U.S.) are among the 
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influential factors to the situation. This fluctuating price signified that more stable and 
cheaper alternative should be figured out to countervail the current fossil fuels problem. With 
most of the effort explored recently focused on the second- and third-generation biofuels, 
these will likely provide waste reduction effect for most of the cases. It is not only seen as a 
way out of the oil crisis (energy security) for oil importer country, but also for some small oil 
producer country which commonly cannot afford to have many oil processing facilities. 
During the period of World War, fuel has been vital to power warfare. In modern time 
these days, fuel shortage is a critical issue that will negatively affect a country. For example, 
the Nigeria perennial fuel problem that not only affects the vehicle owner but also nearly 
paralyzed the country. Despite being the most significant fuel producer in Africa with crude 
oil production approximately 2.1 × 106 barrels/day (2016), fuel shortage is no stranger to 
Nigeria (BP, 2017b; Ishola, Brandberg, Sanni, & Taherzadeh, 2013). The problem, although 
associated with the primary reason of lacking oil refining facility, government policies, and 
other internal issues, this have also proven the importance of fuel (Nwachukwu & Chike, 
2011). 
Biofuel as a Substitute for Fossil Fuel 
Most widely used biofuels are biodiesel and ethanol. However, researchers are 
currently exploring another type of biofuels, biobutanol. Although they are different from 
each other, generally at a specific blend with gasoline or diesel, these biofuels could deliver 
similar function as pure fossil fuels. Due to this ability, not only can it be mixed with diesel 
or gasoline, but the distribution and selling activities are also possible using the existing 
infrastructure. Another essential aspect of these biofuels is, it does not require any 
modification on the existing vehicle for the consumption at low concentration, which eases 
the application in the standard engine. 
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Biofuel, as a fuel, held some advantages over liquid fossil fuels. The primary concern 
of fossil fuels is on the release of harmful gases upon combustion. Known as a source of 
toxic gases emissions, it releases gases such as sulfur, nitrogen oxide, and carbon dioxide 
upon burning. The polluted air enriched with these particles will absorb the infrared 
radiation, trapped the heat, and eventually cause global warming. This condition is widely 
known as greenhouse gas (GHG) effect. Biofuel, in general, has lower vapor pressure than 
fossil fuels, thus produces less emission (Guo, Zhong, Xing, Li, & Lin, 2007; Mužíková et 
al., 2014).  According to the U.S. Environmental Protection Agency (EPA), renewable 
biofuels, advanced and diesel biofuels, and cellulosic biofuels release 20 %, 50 %, and 60 % 
less GHG, respectively, than the 2005 petroleum baseline, due to the properties mentioned 
above (www.epa.gov).  
Another concern of fossil-based fuels is on its limited non-renewable resources. There 
are no reliable data on when fossil fuels will last. However, it is always believed to be 
decreasing over time. With biofuel, on the other hand, the resources required are mostly 
agricultural products, processing co-products, or waste materials, which are renewable, thus 
ensuring its availability and sustainability (Demirbas, 2008). Using these resources also, at 
the same time, will contribute to the benefit of waste reduction. 
Butanol Overview 
Butanol (used interchangeably with biobutanol in the whole text) (C₄H₉OH) is an 
alcohol with a molecular weight of 74.12 g/mol, colorless and miscible in the organic solvent 
(Ezeji, 2006; Thirmal & Dahman, 2012). It is also less corrosive (16 % biobutanol equates 10 
% ethanol) and less hygroscopic (a property rendered by its longer carbon chain) than ethanol 
(Visioli, Enzweiler, Kuhn, Schwaab, & Mazutti, 2014). These properties also enable mixing 
butanol into gasoline easier than doing the same for ethanol. The butanol-gasoline mixture is 
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possible to be distributed using the existing infrastructure; phase separation between gasoline 
and butanol-water, as experienced in ethanol-gasoline blends, will not occur because butanol 
has limited miscibility in water (Mužíková et al., 2014). In addition to that, similar to 
gasoline, butanol has high volatility, polarity, combustion value, energy density, and octane 
number.  
Limitation of butanol includes its toxicity and low vapor pressure content, lower than 
those of ethanol, which makes the engine hard to start on cold days. Nevertheless, because of 
its lower vapor pressure, butanol emits lower pollution than ethanol, which makes it even 
better fuel alternative. The development of commercial biobutanol production in the U.S. has 
been slow and limited by the low yield of the fermentation process, which causes the high 
downstream processing cost. Nevertheless, some efforts are currently undergoing, in term of 
increasing fermentation yields and reducing the costs (Baral et al., 2016). 
Biobutanol received substantial interest over the past decades in an effort of finding a 
better replacement for liquid fossil fuels other than widely used ethanol, which is more 
corrosive to the engine and less efficient. It is also a part of the continuous effort to deal with 
emissions and energy performance of the internal combustion engine. The amount of 
biobutanol entering the market was reported at 125,000 gallons in 2016 (www. 
afdc.energy.gov).  
The effort in the exploration of resources to be used in biobutanol production through 
fermentation process is increasing. This biological pathway of producing butanol is mediated 
by several types of microorganisms, namely Clostridium sp., Escherichia coli, and Yeast 
(Zheng et al., 2009). These microorganisms are either naturally or engineered to possess the 
sugar conversion pathways into solvents which famously known as acetone-butanol-ethanol 
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(ABE) fermentation. The success of ABE fermentation is however related to various factors 
and challenges including the high cost of the substrate preparation, product inhibition during 
fermentation, and low product titer (Visioli et al., 2014). The advancement of research allows 
researchers continuously seek improvements through new pretreatment methods of the low-
value substrate, introduction of new fermentation approach, and products separation (such as 
in-situ recovery process) to overcome the shortcomings as well as reduction of production 
cost (Baral & Shah, 2016; Buehler & Mesbah, 2016; Sauer, 2016). 
Butanol-Related Policy  
In the U.S., the Renewable Fuel Standard (RFS) program was established in 2005 
under the Energy Policy Act (EPAct) which aimed to reduce GHG emission and the 
dependency to the foreign oil. It was revised in 2007 under the Energy Independence and 
Security Act (EISA) and widely known as RFS2. RFS2 introduced four different categories 
of biofuel, namely renewable fuel, advanced biofuel, biomass-based diesel, and cellulosic 
biofuel. A biofuel should follow specific GHG emission requirements for classification under 
one of these categories. The U.S. Environmental Protection Agency (EPA) was given the 
authority by Congress to run the program as well as annually revising the renewable fuel 
volume obligations (RVO) for each type of biofuel. The federal and state governments 
established various policies, including financial incentives, tax credits, and infrastructure 
grants to achieve the RVO. The RFS program approved different pathways for biofuel 
production for its applicable D-code; D3 – cellulosic biofuel, D7 – cellulosic diesel, D4 – 
biomass-based diesel, D5 – advanced biofuel, and D6 – renewable fuel (www.epa.gov).  
At the end of 2016, EPA has approved a biobutanol production pathways by Gevo, 
Inc. as appropriate for D5 or D6 biofuel (www.epa.gov). Gevo has producing biobutanol 
from cornstarch and grain sorghum using their own-developed technology known as Gevo’s 
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proprietary integrated fermentation technology (GIFT). Two critical elements in the GIFT are 
isobutanol fermentation using specially developed yeast and continuous isobutanol 
separation unit (www.gevo.com). Another biobutanol producer is Butamax Advanced 
Biofuel, a company from the joint venture between BP and DuPont. Like Gevo, Butamax is 
retrofitting ethanol plants into biobutanol plants, with the first retrofitting work of the 
Butamax Early Adopters Group started in October 2013. Their technology includes the new 
corn oil removal system, which is said to be the first-ever created (www.butamax.com). In 
February 2018, Gevo announced that Musket Corporation has the exclusive right to sell their 
renewable butanol within a 300-mile radius of Houston, Texas (Austin, Dallas, Fort Worth, 
Oklahoma, Louisiana, as well as the majority of South and East Texas). In June 2018, EPA 
announced the approval of butanol at a 16 % blend level in gasoline for on-road use in 
automobiles (www.biofueldigest.com). 
In Malaysia, the biofuel industry is still at the infancy stage. Only biodiesel 
production from palm oil is being explored and produced under the Promotion of Investment 
Act 1986 (Rahyla et al., 2017). However, with some issues including lack of subsidies and 
promotion have hindered its usage among Malaysian. With no current production or 
mandates of ethanol for fuel, the production of biobutanol for the purpose probably not in the 
government’s plan. However, in 2016, a South Korea-based company, GS Caltex, shown an 
interest in developing a biomass-based biobutanol production plant in Sabah, Malaysia 
(Sario, 2016). 
Acetone-Butanol-Ethanol (ABE) Fermentation 
A biochemical means of producing butanol is known as acetone-butanol-ethanol 
(ABE) fermentation. The most well-known microorganism in ABE fermentation is from 
Clostridium sp., particularly C. acetobutylicum. In recent years, the advancement of study in 
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genetic engineering has enabled the development of better (solvent-tolerant) clostridium 
strains as well as engineered Escherichia coli and Yeast with ABE fermentation pathway 
(Al-Shorgani, Kalil, Yusoff, & Hamid, 2018; Dong et al., 2016; Swidah, Ogunlabi, Grant, & 
Ashe, 2018; Tao, He, Tan, Zhang, & Aden, 2014). Most of these microorganisms have better 
fermentation performance compared to C. acetobutylicum. ABE fermentation using 
Clostridium sp. is strictly anaerobic and optimum at 35 – 40 °C.  
Figure 1.1 illustrates the metabolism of C. acetobutylicum for sugar conversion into 
biobutanol. There are two main phases; acidogenesis (acid production phases) and 
solventogenesis (solvent production phases). It starts with the metabolism of sugar carbon 
(pentose and hexose) into pyruvate via glycolysis (also known as the Embden-Meyerhof-
Parnas (EMP) pathway). Glycolysis produced two molecules of pyruvates, two molecules of 
adenosine triphosphates (ATP), and two molecules of nicotinamide adenine dinucleotides 
(NADH) by degrading one molecule of a 6-carbon sugar. Pyruvate is then metabolized into 
acetyl-CoA that further converted into intermediates (acetaldehyde and butyraldehyde), 
which then either oxidized into acetone and acetate or reduced into butanol and ethanol. 
More specifically, acetate and butyrate will form first (acidogenesis) before solvent 
production starts.  
In the acidogenesis stage, cells rapidly grow while the pH of the fermentation 
medium decreasing from 7 to 4.5. This acid then acts as co-substrates for solvent production. 
When the solventogenesis started, the cell growth slowed, and acid production ceased. The 
acetate and butyrate will either assimilated into their corresponding CoA derivatives in the 
acetoacetyl-CoA:acetate/butyrate:CoA transferase (CoAT) pathway for acetone formation or 
converted into ethanol and butanol. Once solventogenesis started, remaining carbons and 
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electrons are directed to the production of solvents (Gheshlaghi, Scharer, Moo-Young, & 
Chou, 2009; Ndaba, Chiyanzu, & Marx, 2015). The products ratio is 6:3:1 for butanol, 
acetone, and ethanol.  
In traditional batch ABE fermentation, maximum ABE products of ~19 g/L (~0.21 
g/g) was recorded before the cell inhibition occur (Baral et al., 2016; Haigh et al., 2018).  
Because of this, high sugar utilization was not achieved in ABE fermentation. The effort to 
decrease products inhibition as well as increase the yield was made through the incorporation 
of in-situ and in-line products separation approaches in combination with different modes of 
fermentation (fed-batch and continuous) and using engineered microorganisms during ABE 
fermentation. Increase in yield was recorded up to 30 g/L and 232.8 g/L by using engineered 
microorganisms and in-situ stripping products separation respectively (Baral et al., 2016; 
Ezeji, Qureshi, & Blaschek, 2013; Haigh et al., 2018; Xue et al., 2012). ABE products 
reported to decrease cell growth by inhibitory effect known as solvent stress (Xue, Zhao, Liu, 
Chen, & Bai, 2013); 50 % growth reduction at concentration of 84 g/L, 11 g/L, and 51 g/L 
for acetone, butanol, and ethanol, respectively (Karimi, Tabatabaei, Horváth, & Kumar, 
2015). These solvents, especially butanol, because it is lipophilic, has suggested causing 
damage to cell’s phospholipids (Xue et al., 2013). 
The other fermentation process for biobutanol production is isopropanol-butanol-
ethanol (IBE) fermentation, which mediated by engineered Clostridium species such as C. 
acetobutylicum XY16 (Wang et al., 2018). This microorganism is capable of converting 
acetone produced into isopropanol, a compound that has more usage than acetone. A more 
recent development in butanol fermentation is the development of E. coli and yeast that can 
aerobically convert glucose into isobutanol and n-butanol with very low acetone and ethanol 
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production (Branduardi, Longo, Berterame, Rossi, & Porro, 2013; Dong et al., 2016; Swidah 
et al., 2018).  
All microorganisms mentioned above only capable of metabolizing monosaccharides 
and polysaccharides into butanol. A recent study has identified Thermoanaerobacterium 
thermosaccharolyticum TG57 isolated from mushroom to has the ability in the direct 
conversion of cellulosic materials into butanol (Tinggang, Chen, Kun-Lin, & Jianzhong, 
2018). This finding could be a breakthrough in the effort to find cost-effective cellulosic 
butanol production pathway. 
Feedstocks for Biobutanol Production 
First-generation biofuel, also known as a conventional biofuel is the most established, 
commercially produced, and mostly used biofuel. The primary feedstocks for this type of 
biofuel are the agriculture products that are rich in polysaccharide (for fermentation into fuel 
alcohols) or lipid (for production of biodiesel). First-generation biofuel production process 
such as ethanol from sugarcane able to reduce life cycle GHG emissions by 50 % from that 
of petroleum baseline, which makes it eligible for advanced biofuel category in RFS. 
Second- and third-generation biofuel production, on the other hand, is currently undergoing 
continuous improvement from various aspects of production. Nevertheless, few second-
generation biofuel production plants using cellulosic waste have been in place. The resources 
are waste materials (such as lignocellulosic biomass and food waste) and algae, for second 
and third-generation biofuel respectively.  
 The feedstocks for biofuel production must meet a few essential criteria such as 
readily available throughout the year, economically competitive, and not compete with food 
supply. Feedstocks for biobutanol production is the same as those for producing ethanol. 
Those are materials with a significant amount of carbohydrate that can later be converted into 
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fermentable sugar using various means. Biomass generated as wastes in agriculture or 
industrial sites is the most attractive, such as corn fiber, switchgrass, rice straw, sugarcane 
bagasse, and oil palm fiber. The present study investigated the effect of pretreatment on low-
value materials, including corn processing co-products and oil palm fiber waste to determine 
its potential for biobutanol production.  
Corn processing co-products 
Corn (Zea mays) is the largest acreage crop in the U.S., with production reached 13.6 
billion bushels in 2015 (USDA, 2016). Corn harvest generates corn stover and corn cobs that 
are left behind on the ground. In addition to that, corn milling industries also produce a 
significant amount of corn fiber co-products including Distillers Dried Grains with Solubles 
(DDGS), corn gluten feed (CGF) and corn fiber (CF). DDGS, the principal co-product of 
corn dry-milling ethanol production process, rich in protein and fiber is currently being used 
mostly as a feed ingredient.  
In 2014, from 44 × 106 t of DDGS generated in the U.S., 10 × 106 t were exported, 
and the rest were used locally as feed material (Wisner, 2016). The revenue gain from DDGS 
does not compare to those of ethanol. It was recorded in February 2015 that ethanol gave a 
revenue of about $ 1.25/gallon, while DDGS $ 0.48. In the period of stable gasoline price 
(such as in December 2014), the revenue gain from ethanol was even higher for about $ 
2.18/gallon as compared to those gain by DDGS which was $ 0.30 (Irwin & Good, 2015). 
CGF, generated during the corn wet-milling process is also primarily used as a feed 
ingredient. In 2015, approximately 3.9 × 106 t of CGF generated in the U.S. (USDA, 2016). 
Another co-product of the corn milling process is CF. CF, in some plant facilities, is mixed 
into CGF and in some other facilities, as another single fraction of co-product (Hoffman, 
1997). 
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Abundant generation of these co-products and the low revenue generated from their 
current application inspired researchers to explore their potential in value-added product 
production. Bioethanol was the first value-added product converted from those materials. 
The effort continued with the attempt on the conversion into butanol. So far, most of the 
study involving butanol production from corn waste were focusing on corn stover (Tao, He, 
Tan, Zhang, & Aden, 2014; Wang & Chen, 2011) and corn fiber (Du et al., 2013; Guo et al., 
2013; Qureshi et al., 2008). It means preliminary data of other corn materials (such as DDGS 
and CGF) for butanol production, although might have been available, is still lacking and 
required for further advancement of the study.  
It should be noted that the work on the conversion of butanol from various corn fiber 
co-products was started ever since 1986 (Fond, Engasser, Matta-El-Amouri, & Petitdemange, 
1986a, 1986b). However, the studies were only rapidly spurred after 2006 when corn-based 
ethanol production plant in the U.S. is increasing and generating various type of co-products 
(Ezeji & Blaschek, 2008; Kim et al., 2008; Qureshi et al., 2008; Qureshi, Li, Hughes, Saha, 
& Cotta, 2006). Researchers were anaerobically fermented corn fiber co-products using 
solventogenic Clostridia species and found out a significant amount of acetone, butanol, and 
ethanol produced (Du et al., 2013; Ezeji & Blaschek, 2008; Ezeji et al., 2007; Guo et al., 
2013; Qureshi et al., 2008, 2006; Wang & Chen, 2011; Zhang, Liu, Liu, & Li, 2012; Zhang, 
Ma, Yang, & Zhang, 2009). The commercial-scale application of the works was, however, 
limited by the low butanol yield, which drives the production cost. Until now, it is the 
primary challenge in ABE fermentation and remains the priority of many studies.  
Oil palm fiber waste 
In the other parts of the world, different types of plants are generating a significant 
amount of waste that could also potentially serve as biofuel feedstocks. Oil palm (Elaeis 
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guineensis) which is the primary acreage crop in a few Asian and African countries is among 
the high potential plant. Oil palm generates a significant amount of fiber waste, including the 
frond, trunk, empty fruit bunch, and palm pressed fiber (Awalludin, Sulaiman, Hashim, & 
Nadhari, 2015). Empty fruit bunch (EFB) and palm pressed fiber (PPF) generated as a waste 
in the oil palm mill industries. The palm oil plantation area, similarly, produces a massive 
amount of oil palm frond (OPF) and oil palm trunk (OPT).  
The present study focused on the utilization of OPF, which is readily available 
throughout the year as a substrate for butanol production. OPF is generated during the 
scheduled pruning practice and fruit harvesting process. OPF contains mostly lignin, 
cellulose, and hemicellulose. Unlike OPT, OPF has no significant usage. It is not suitable for 
wood manufacturing due to the low strength value (20-200 MPa) (Khalil, Jawaid, Hassan, 
Paridah, & Zaidon, 2012). It was incorporated as an ingredient in ruminants feeds 
production, however, causing significantly poor digestion due to high lignin content (205 
g/kg DM) (Shawkataly et al., 2006). The high amount of cellulose and hemicellulose in OPF 
(Table 1.1), however, might be a good source fermentable sugar for bioproduct development. 
The previous study proved that OPF is a suitable substrate for bioethanol production 
(Cynthia Ofori-Boateng & Lee, 2014). On the other hand, studies related to the production of 
butanol from OPF is scarce. Nevertheless, studies have proven the capability of OPT in 
butanol production (Komonkiat & Cheirsilp, 2013; Norhazimah, Asmadiana, & Faizal, 
2013). Therefore, with the suitable microorganism act as catalyst and manipulation of the 




General feedstocks structure 
In cellulosic biofuel plant, the high fermentation yield achieved is owing to the 
capability of the enzyme in the hydrolysis of the complex carbohydrates into a fermentable 
sugar which then transformed into biofuel. The success rate of enzyme hydrolysis process is 
highly dependent on the effectiveness of the pretreatment method in removing the 
recalcitrant structure present in the biomass. In general, biomass structure consists of 
cellulose fibrils that packed together by hemicellulose structure. This whole bundle is then 
enclosed by lignin that provides structural support and protection against microbial attack 
(Taherzadeh & Karimi, 2008). This complicated structure is also held together by a chemical 
bond between each element.  
Lignin, complexly build by phenylpropane units (p-coumaryl alcohol, coniferyl 
alcohol, and sinapyl alcohol) through the oxidative coupling, are very sturdy and most 
recalcitrant structure to degrade (Hussin, Rahim, Mohamad Ibrahim, Perrin, & Brosse, 2015; 
Taherzadeh & Karimi, 2008). Its presence in the biomass demands a pretreatment step before 
any fermentation can take place. Lignin content varies between plants and those with a high 
level of lignin will have a higher resistance to degradation.  
Hemicellulose is another component that is impeding enzymatic reaction on biomass. 
However, removing hemicellulose is not as challenging as removing lignin. Hemicelluloses 
are composed of pentoses and hexoses as the main constituents, and a considerable amount 
of hydrolyzable polymers side chain branching (Brodeur et al., 2011). Due to this, 
hemicellulose degradation could also contribute to a significant amount of fermentable sugar. 
The pretreatment method must be carefully chosen to get the conversion of hemicellulose 
structure rather than its complete degradation (Alvira, Tomas-Pejo, Ballesteros, & Negro, 
2010). Success hydrolysis of lignin and hemicelluloses will increase the accessibility of 
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enzyme to cellulose. Increase rate of enzyme hydrolysis on cellulose is the ultimate aim in 
any pretreatment procedure.  
Cellulose, which consists of linear disaccharide polymer of glucose known as 
cellobiose unit, is commonly present in the highest proportions in biomass. Successful 
hydrolysis of cellulose into their glucose monomer will render high alcohol yield upon 
fermentation process. Cellulose presence in biomass material can be classified based on their 
crystallinity index, which is the relative amount of crystalline and noncrystalline region. The 
crystalline region is very sturdy and resistant to the enzymatic reaction. Therefore, most 
researchers agreed that the reduction of crystallinity of cellulose would increase its 
digestibility. Figure 1.1 shows the typical structure of lignocellulosic biomass and its 
structural changes after the pretreatment process. 
Pretreatment Overview 
There are various pretreatment methods available, which divided into chemical, 
physical, and biological (Alvira et al., 2010). Pretreatment involves the action of degradation 
or alteration of the lignin and hemicellulose layer, thus providing pathways for enzymatic 
reaction in the hydrolysis and fermentation process. 
Physical pretreatment involves the action of mechanical equipment such as extensive 
milling and grinding are considered not practical due to the requirement of high energy input, 
thus very expensive for commercial-scale operation. Biological pretreatment even though 
capable to efficiently degrade lignin at mild reaction conditions, it is not profitable since the 
reaction require a long time to complete. Attempt to improve microbial pretreatment was 
done by using a consortium of microorganisms and the development of microorganism strain 
with high rates of hydrolysis.  
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Chemical pretreatment involves the action of a chemical compound to degrade the 
recalcitrant structure of biomass. The method which includes acid and alkaline pretreatments 
or combination of both, considered as an effective method, however, does not completely 
economically feasible in the industrial scale because of several reasons including the high 
downstream processing cost. Acid pretreatment method produces a high concentration of 
inhibitors that later contribute to the increased toxicity level of the whole system. This 
condition demands any acid-pretreated biomass to undergo detoxification before the 
fermentation process. Another drawback is, being an acid, it is corrosive to the reactor, thus, 
require special material and handling equipment.  
The typical acid used is dilute sulfuric acid (H2SO4), which has been used in the 
pretreatment of various biomass including corn fiber (Du et al., 2013; Guo et al., 2013; 
Noureddini & Byun, 2010; Qureshi et al., 2008), corn stover (Zhao et al., 2015), switchgrass 
(Zhou et al., 2012), wheat straw (Qureshi, Saha, Cotta, & Singh, 2013), spruce (Shuai et al., 
2010), and poplar (Kumar & Wyman, 2009). A study employed dilute H2SO4 pretreatment 
for production of butanol from corn fiber found out that detoxification procedure must be 
conducted to reduce the toxicity level of the substrate and to increase the fermentation yield 
(Ezeji & Blaschek, 2008; Qureshi et al., 2008). Other work includes acid pretreatment of oil 
palm waste, which recorded an amount of 30 g/L fermentable sugar from 1 % (v/v) H2SO4 
pretreated OPT and produced 0.41 g/g butanol upon fermentation using Clostridium 
beijerinckii TISTR 1461 (Komonkiat & Cheirsilp, 2013).  
Alkaline pretreatment as compared to acid is more promising for pretreatment of 
biomass with a high level of lignin-carbohydrate linkage, a bond linking lignin to 
hemicellulose. This pretreatment reported to capable of degrading the ester and glycosidic 
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side chain of lignin resulting in the structural collapse (Brodeur et al., 2011). Other work 
claimed that alkaline pretreatment able to remove acetyl and uronic acid groups of 
hemicellulose, thus improving the enzyme reaction (Chaturvedi & Verma, 2013). Less 
formation of inhibitory compounds also the main advantage of alkaline pretreatment. 
However, it generally requires higher temperature and pressure (e.g., NaOH: 240 – 340 °C, 
250 bar) as compared to acid pretreatment (e.g., H2SO4: <100 °C, 1 atm) (Schutyser et al., 
2018; Xu, Arancon, Labidi, & Luque, 2014). Among alkaline pretreatment, the one using 
ammonia as the pretreatment agent is the most attractive, because it gives the delignification 
effect without degradation of the sugar and provides preservation effect. These properties 
allow continuous pretreatment while storage without chances of microorganism development 
(Li & Kim, 2011b). 
Ammonia-based pretreatment 
Ammonia-based alkaline pretreatments have been explored extensively in more 
advanced pretreatment technology involving the combination with physical pretreatment, 
known as physiochemical pretreatment. It is capable of reducing the harsh processing 
requirement, often associated with alkaline-based pretreatment. The most common type of 
ammonia-based physiochemical pretreatments are ammonia fiber explosion (AFEX,) and 
ammonia recycles percolation (ARP), which applied to various lignocellulosic biomass.  
AFEX is similar to steam explosion except it uses ammonia rather than water or acid. 
It involves soaking the material in the liquid ammonia and later putting it into a high 
temperature (>90 °C) (Brodeur et al., 2011) and pressure at a short period before 
depressurized the whole system. AFEX yield a promising amount of fermentable sugar 
because it does not remove lignin and hemicellulose but rather convert those compounds into 
oligomeric sugars and deacetylated. Likewise, ARP requires even higher processing 
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temperature with ammonia loading of about 10 – 15 wt. %. ARP usually conducted at a short 
period makes the ammonia only reacts with the lignin layer. Although the ARP system 
enables the ammonia recovery, it is costly. There is no exact feedstocks’ moisture content 
suitable for both AFEX and ARP. Some studies concluded a better result achieved at 
moisture content more than 100 % (Lau et al., 2010; Moniruzzaman et al., 1997; Murnen et 
al., 2007) while some works suggested it should be approximately 10 % (Abdul et al., 2016; 
Kim et al., 2008). A study in this regard could be meaningful, although, considering the type 
of pretreatment agent used and the potential requirement of water washing step, the total 
liquid requirement for AFEX and ARP are still high.  
Low liquid ammonia pretreatment (LLA) was developed with the primary aim to 
reduce the high liquid loading of other well-established ammonia-based pretreatment 
processes. The process successful with the reduction of about 50 % of liquid requirements, 
and final ethanol produced was comparable to those of previous pretreatment process. This 
LLA process, however, still require some additional water for a washing step; 20.9 mL/g 
treated biomass (Li & Kim, 2011a).  
Low moisture anhydrous ammonia (LMAA) pretreatment, on the other hand, does not 
employ liquid ammonia instead, use gaseous ammonia as the pretreatment agent. The use of 
gaseous pretreatment agent not only giving a significant improvement in the reduction of the 
liquid requirement of the whole system but also, being a gas, it has a property of naturally 
evaporating thus, not require any additional water washing to remove the residual ammonia 
(Yoo et al., 2011). The recent LMAA pretreatment study was conducted in a larger scale 
reactor on corn stover. The highest yield measured in term of glucose released upon 
enzymatic digestibility test was from 50 % moisture content corn stover treated with 0.1 g-
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ammonia/ g biomass, incubated at 75 °C, for 72 h, suggesting the possibility of this method 
for a larger scale application (Yang & Rosentrater, 2017). Nevertheless, ammonia also used 
as a single pretreatment procedure in the form of aqueous ammonia. This kind of 
pretreatment called soaking in aqueous ammonia (SAA) pretreatment as conducted by Li & 
Kim (2011b). Table 1.2 summarized detail comparison of some ammonia-based pretreatment 
process.  
 Life Cycle Assessment (LCA) of Lignocellulosic Biofuel 
While the properties of butanol as a fuel is comparable to gasoline, researchers also 
putting some effort into its environmental impact assessment. Such studies are known as life 
cycle assessment (LCA). LCA has been recognized as an acceptable approach to potentially 
identify the impacts associated with a product from the entire levels of its life cycle (EEA, 
2002; EPA, 2006; European Commission - Joint Research Centre - Institute for Environment 
and Sustainability, 2010; ICCA, 2013; IEA, 2015b; Lewandowska, Matuszak-Flejszman, 
Joachimiak, & Ciroth, 2011; Tukker et al., 2004). It is based on the identification and 
quantification of the amount of material and energy going into, and out from the selected 
system boundary, including emissions and waste materials.  
Various holistic software for computer simulation of LCA has been developed (EPA, 
2006). Such tools generate emission data for a simulated process, which allow efficient 
inventory analysis and impact assessment. LCA is conducted by assessing the environmental 
impacts based on some different categories including the global warming potential (GWP), 
eutrophication potential (EP), acidification potential (AP), net energy ratio (NER), fossil fuel 
depletion, ozone layer depletion, and ecotoxicity potential. LCA aimed at improving a 
process by identifying essential parameters that could increase or decrease the environmental 
impacts. 
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Unlike corn biofuel (Kim & Dale, 2008; von Blottnitz & Curran, 2007), LCA on 
DDGS-, CGF-, and corn fiber-based biofuel are scarce. The case is the same for OPF-based 
biofuel. Especially, narrowing the scope into butanol production or LMAA pretreatment. To 
date, no study has been devoted to discussing on LCA of LMAA pretreatment. However, 
various LCA conducted on other ammonia-based pretreatments could serve as a useful 
reference. Recently, a study was comparing the environmental impacts of bioethanol 
produced from AFEX and dilute acid (DA) pretreated corn stover, switchgrass, and 
miscanthus (Cronin et al., 2016). In overall, they recorded the highest impacts from AFEX 
pretreatment due to ammonia used has contributed to higher emission. The study was 
conducted based on site-specific of Southwestern Michigan to investigate potential variation 
based on the origin of the feedstocks. It revealed that the variability of the results was more 
dependence on the feedstocks rather than origin. The finding was primarily due to the high 
amount of ammonia gas emitted to the environment in AFEX pretreatment. Such results will 
change if an efficient system with ammonia recycle stream could be developed.  
U.S. Department of Energy (DOE), using advanced software tools, Aspen Plus, have 
conducted a comparison of LCA on different pretreatment method for biofuel production. 
The data then used for GREETTM model development. Comparing between DA and AFEX 
pretreatment, their analysis showed that DA pretreatment received GHG emission credits for 
about 26 % than that of AFEX, which later concluded that DA pretreatment possessed much 
higher potential in environment preservation. The result, however, favors to DA due to a 
different reason than Cronin et al. (2016). They assumed that a high amount of lignin would 
be solubilized in AFEX pretreatment, which causing fewer resources for electricity 
generation (Adom, Dunn, & Han, 2014). 
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Studies on second-generation biobutanol have started long ago. Nevertheless, LCA 
related to the biobutanol from DDGS, CGF, corn fiber, and OPF are not available. Only a 
few studies conducted on different raw material could serve as a useful reference for the 
present study. Pereira et al. (2013) have conducted LCA on the butanol production from 
sugarcane juice and bagasse. They virtually developed and assessed an integrated ABE 
fermentation and ethanol fermentation process to the sugarcane biorefinery that currently 
available throughout Brazil. The study aimed at adding value to the whole sugarcane 
production chain. They compared impacts of those two integrated processes and found that 
producing butanol from sugarcane bagasse and straw caused less environmental impacts than 
producing ethanol from sugarcane juice. Such inference was due to their plant design where 
all biomass left after the extraction of sugarcane juice will be used to generate electricity 
(Pereira et al., 2013).   
Ofori-Boateng & Lee (2014) have conducted cradle-to-grave LCA on bioethanol 
production from OPF pretreated with the organosolv pretreatment. The study revealed that 
the process emitted 5526.57 g CO2 eq./kg of bioethanol produced. Out of these, cultivation 
and pretreatment unit recorded the highest percentage of about 28 % of the impacts for each. 
Nevertheless, the total number is 85.69 % smaller than those of fossil gasoline, thus 
suggested the ability of biofuel to preserve the environment. 
Techno-economic Analysis (TEA) of Lignocellulosic Biofuel 
Other than LCA, techno-economic analysis (TEA) is also conducted in this study to 
assess the feasibility of a process. Through TEA, the entire cost involved in the 
manufacturing processes is evaluated with the aim to determine the capital, operating, and 
production cost of a process. The objective of TEA is to identify key factors driving the cost 
of a process and suggesting the improvement to the process through different scenarios of 
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process simulations (Brown & Brown, 2014; EPA, 2016; Heinzle, Biwer, & Cooney, 2006; 
Peters & Timmerhaus, 1991). 
Over the past decade, there were many works have been devoted to the TEA of 
second-generation biofuel (Aden & Foust, 2009; Brown, 2013; da Silva, Torres Ortega, & 
Rong, 2016; Kazi, Fortman, & Anex, 2010; Kazi et al., 2010; Rajendran, Rajoli, & 
Taherzadeh, 2016; Tao et al., 2011; Zhao et al., 2015). Although the study mainly focused on 
biofuel other than butanol, it helped current researchers to get a view of the economics of 
biofuel.  
Recently, da Silva et al. (2016) conducted a study evaluating the effect of different 
types of pretreatment on the economics of a biofuel manufacturing plant. They evaluated 
AFEX and liquid hot water (LHW) pretreatment with a comparison to DA pretreatment as 
the baseline scenario. With LHW, about 77 – 83 % of water was added to the stream prior 
heating to 200 ºC. Separation of inhibitors and hydrolysate achieved by a flash tank. The 
solid and liquid fraction of inhibitor-free hydrolysate then separated for washing step to 
remove impurities before mixing back for hydrolysis process. In AFEX, water enriched 
biomass was added to the pretreatment reactor with varies ammonia loading ratio. After 
pretreatment, the outlet stream quickly depressurized and the liquid flashed. A second flash 
tank was installed to ensure high ammonia recovery. The slurry from the flash tank then 
separated for washing step before mixed back for hydrolysis process. Comparing these 
treatments with the baseline set-up, LHW pretreatment at 190 ºC and 81 % water content, 
recorded the best minimum ethanol selling price (MESP) of 30 % less than the baseline case. 
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Conclusions 
Butanol is a highly potential substitute for fossil fuel due to various characteristics it 
has as a fuel. Pretreatment has been identified as among the most significant cost in cellulosic 
biofuel production (Harmsen, Huijgen, López, & Bakker, 2010). It accounts for nearly $ 
0.30/gallon of ethanol produced (Brodeur et al., 2011) and potentially be the same in 
biobutanol production. Therefore, the choice of proper pretreatment process is a crucial 
initial step for a biobutanol production plant set-up. A pretreatment should, in general, 
capable of depolymerizing lignin and hemicellulose, reduce the crystallinity of cellulose, and 
ultimately increase the porosity of the biomass materials. A suitable pretreatment process 
should not form a high concentration of inhibitory products that potentially limit the 
microorganisms’ growth in the further fermentation process. Additionally, a cost-effective 
pretreatment process could be critical weighting characteristics in the industrial standpoint, 
which usually includes the cost of energy, pretreatment agent, downstream and any recovery 
process (Kumar et al., 2009). Production of butanol from LMAA pretreated raw material is 
so far, a potentially feasible method considering low amount of pretreatment agent, energy, 
and liquid input. The success of this particular process will serve as fundamental for further 
advancement in biofuel production. The LCA of LMAA pretreatment, as well as the TEA, 
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Numbers indicate different enzyme involved, pyruvate ferrodoxin oxidoreductase (1) 
phosphotransacetylase (2), acetate kinase (3), acetaldehyde dehydrogenase (4), ethanol dehydrogenase (5), 
thiolase (6), CoA transferase (7), acetoacetate decarboxylase (8), 3-hydroxybutyryl-CoA dehydrogenase 
(9), crotonase (10), butyryl-CoA dehydrogenase (11), phosphotransbutyrylase (12), butyrate kinase (13), 
butyraldehyde dehydrogenase (14), butanol dehydrogenase (15). 
Figure 1.1 Metabolic pathways of ABE fermentation in C. acetobutylicum, adapted from 
(Mayank, Ranjan, & Moholkar, 2013). 
 
 
Figure 1.2 Lignocellulosic biomass before and after pretreatment, adapted from (Alonso, 
Wettstein, & Dumesic, 2012; Mosier, Hendrickson, Ho, Sedlak, & Ladisch, 2005). 
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DDGS 8.8 25 1.3* Pedersen et al. (2014) 
*Samala et al. (2012) 
CGF 12.2 28.5 0.3 Miron et al. (2001) 
CF 13 38.8 7.5 Noureddini & Byun (2010) 
OPF 40-50 34-38 20-21 Khalil et al. (2012) 
 










ARP 170 – 
210 
High 0.15  3.3 Kim et al. 
(2006) 
AFEX 135 High 1  1  Lau et al. 
(2010) 
SAA 30 – 60 Low – 
moderate  
0.15 – 0.3  6 – 8  Kim & Lee 
(2007, 2005) 
LLA 30 Low 0.50  1.5  Li & Kim 
(2011) 
LMAA 75 High 0.1  0.3 – 0.5  Yang & 
Rosentrater 
(2017) 
ARP – ammonia recycle percolation; AFEX – ammonia fiber explosion; SAA – soaking in aqueous 
ammonia; LLA – low liquid ammonia pretreatment; LMAA – low moisture anhydrous ammonia. 
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CHAPTER 2.    LITERATURE REVIEW OF PRODUCTS SEPARATION 
METHODS FOR IMPROVING YIELD IN BUTANOL BIOREFINERIES 
Abstract 
One of the limiting factors for the application of biobutanol as a “drop-in” fuel is its 
high production cost. The toxicity of butanol and other fermentation products to the cells in 
acetone-butanol-ethanol (ABE) fermentation causes low products yields, which then 
increases downstream processing cost. Several in-situ and in line products separation 
methods for ABE fermentation, which capable to separate the ABE products immediately 
after it produced therefore not inhibit the microorganisms’ growth, were identified and 
compared in the present study. Energy requirements and cost components of all selected 
processes were evaluated and compared to find the most cost-efficient approach for 
commercial biobutanol production. 
Introduction 
A common problem of Acetone-butanol-ethanol (ABE) fermentation process is the 
inhibition effect on the microorganisms given by the fermentation products (acetone, butanol 
and ethanol), which lead to low productivity. The low final products titer has caused high 
downstream processing cost. One approach for solving the problem is to adopt the in-situ 
products separation process, which enables products separation and removal from the 
fermentation system as soon as it is produced thus, will not inhibit the growth of 
microorganisms (Outram, Lalander, Lee, Davis, & Harvey, 2016). Another suitable approach 
is the in-line separation method, which involves an external separation unit placed right after 
the fermenter to remove the cell from the fermentation broth before recycling it back to the 
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fermenter. The cell-free broth will proceed to the recovery process (Friedl, 2016; Huang, 
Ramaswamy, & Liu, 2014).  
Regardless, the in-line separation approaches offer more advantageous in term of 
design and optimization, which often limited in the in-situ separation approaches due to 
complexity of the reaction as well as the needs to focus on the fermentation process (Friedl, 
2016). Several potential methods were evaluated, including the integrated fermentation-
membrane pervaporation, integrated fermentation-adsorption technology, extractive 
fermentation, and integrated fermentation-in-situ gas stripping.  
Integrated Fermentation-Membrane Pervaporation 
Membrane pervaporation is a liquid-liquid separation process employing a highly 
selective membrane to separate fermentation products from the fermentation broth. This 
system requires a prior filtration unit, which separate and recycle the cells back into the 
fermenter, to avoid the fouling of the pervaporation membrane. The cell-free permeate will 
enter the membrane pervaporation unit, where it will in contact to the membrane, which only 
permits the ABE solvents to pass through due to the hydrophobicity of both components 
(membrane and ABE solvents). Because the pervaporation membrane is hydrophobic, it also 
to limit the water flux across the membrane (Oudshoorn, Van Der Wielen, & Straathof, 
2009). The ABE solvents that passed through the hydrophobic membrane are evaporated 
under vacuum or low vapor pressure and then condensed into a liquid for further products 
purification. Figure 2.1 shows the typical set-up for integrated fermentation-membrane 
pervaporation.  
Membrane properties and surface area, together with the working temperature and 
pressure, as well as feed compositions, determine the selectivity of the separation system and 
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flux through the membrane; products’ flux will be much lower for the highly selective 
membrane (Oudshoorn et al., 2009; Outram, Lalander, Lee, Davies, & Harvey, 2017). 
Hydrophobic membranes include polymeric, inorganic, and composite membranes. Among 
hydrophobic polymeric membranes, poly(1-trimethylsilyl) (PTMS) has shown the best 
performance based on the resulting permeate flux and separation factor. Separation factor is 
the ratio of the concentrations of the more permeable species and the less permeable species 
in the permeate (butanol/water) over the ratio of the same species in the feed stream 
(retentate) (Huang et al., 2014). Poly(dimethylsiloxane) (PDMS) membrane has also shown a 
significant potential based on its high hydrophobicity, good thermal, mechanical and 
chemical stability, low price, as well as ease of fabrication (Huang et al., 2014). Polymeric 
membranes are cheap, easy to fabricate, and favoring separation of butanol, however, are 
subject to aging over time. 
Hydrophobic inorganic membranes include those of silica-based and zeolite-based 
(Vane, 2008). The advantageous of inorganic membrane is its strong affinity to butanol and 
could stand high temperature operations. However, this type of membrane is expensive 
(Huang et al., 2014), therefore might not be feasible in commercial scale. 
Another type of hydrophobic membrane is polymeric composite, which incorporates 
polymeric and inorganic material together with a composite structure. It was initially 
invented to increase the strength and life of the polymeric membrane through incorporation 
of inorganic materials and composite structure without costing as much as inorganic 
membranes. Among the most explored membranes under this category are PTMS/silica, 
PDMS/silica, PDMS/ceramic, and PDMS/zeolite (Huang et al., 2014; Vane, 2008). Similar 
to other type of membranes, the primary concern on this type of separation is the potential of 
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membrane fouling when dealing with real fermentation broth. Research in term of membrane 
fouling has recorded various effect on the membrane over time (Fadeev, Meagher, Kelley, & 
Volkov, 2000; Groot et al., 1990; Qureshi & Blaschek, 1999). A cleaning regime results in 
shutdown time, which affects the production and failure to recover the full separation 
performance.  
Integrated Fermentation-Adsorption Technology 
Adsorption process for products separation refers to the adhesion of the liquid 
molecules of the products to the surface of the adsorbent. The selected adsorbent thus must 
have the affinity towards the ABE solvents. Hydrophobic adsorbent, is the most commonly 
used for the purpose. However, because ethanol is not hydrophobic, it is not adhering to the 
surface of adsorbent. Therefore, additional unit operation to separate ethanol from the 
fermentation broth is required, usually a distillation column. The adsorbate, which is in the 
form of a film surrounding the adsorbent, demands a desorption process afterward, which can 
be achieved by the introduction of high temperature to the adsorbent. Figure 2.2 shows a 
typical set-up for the integrated fermentation-adsorption process. Similar to membrane 
pervaporation process, fermentation products coming out of the fermenter need to go through 
filtration to separate and recycle the cells, as well as to avoid adsorbent fouling (Friedl, 
2016). The cell-free permeate will then enter the adsorption unit, where the adsorption and 
desorption processes take place. The ABE depleted liquid from the adsorption column will 
then recycle back to the fermenter.  
Activated carbons and zeolites are among the adsorbent that has high adsorption 
capacity, up to 258 mg butanol/g activated carbons (AC F-400) and 139 mg butanol/g 
zeolites (ZSM-5) (Abdehagh, Tezel, & Thibault, 2013). However, the stronger the 
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adsorption, the harder the desorption process. Saravanan, Waijers, Ziari, & Noordermee 
(2010) has reported that they were only able to recover 80 % of butanol from zeolites 
adsorbent.  
Polymeric resins adsorbent is another type of adsorbent that has been widely studied 
by researchers. Polymeric resins have the advantage of having better desorption capacity than 
zeolites and activated carbons; up to 95 % (Eom et al., 2013). However, they tend to change 
in structure and shape after several cycles of usage, leading to a frequent replacement and 
potentially a high cost. Nevertheless, in some cases, the high cost of polymeric resins 
adsorbent is not a problem because it was compensated by the high yields of products 
(Venkatesan, 2013). A study using polymeric resin polyvinylpyridine (PVP) for product 
recovery had recorded an increase of final ABE concentration from 19.3 g/L to 29.8 g/L in a 
batch fermentation experiment (Yang & Tsao, 1995). 
Extractive Fermentation 
Extractive fermentation refers to the in-situ application of solvent extraction to 
remove fermentation products from the broth through the introduction of an extractant. This 
separation approach is the same as the liquid-liquid extraction (LLE) method, except it is 
conducted in the fermenter while LLE typically involves the requirement of an external 
extraction unit to be installed. Figure 2.3 (a) and 2.3 (b) shows the typical set-up for 
extractive fermentation and separate fermentation-extraction process (LLE) respectively.  
Extractive fermentation consists of a fermenter and a distillation column put in series. 
The extractant that is introduced from the bottom of the fermenter, as it moves towards the 
upper part, it will in contact with the fermentation product, bound together, and stays in the 
lighter phase. It will the separated from the heavy-phase and enter the distillation column, 
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where the extractant is separated from the products and recycle back to the fermenter (Huang 
et al., 2014). In separate LLE, the broth from fermentation will first undergo filtration to 
separate and recycle back the cells and the unreacted substrate. The cell-free mixture will 
then transfer to the extraction column where the extraction happens. The organic phase from 
extraction will undergo a distillation process to separate the extraction and products, which 
then enable the recycling of the extractant. 
Several criteria must be taken into consideration when selecting a suitable extractant. 
They includes nontoxic to microorganisms and the environment, high distribution coefficient 
(ratio of components in organic phase to those in aqueous phase), high separation factor, low 
solubility in aqueous solution, density different from that of the broth, low viscosity (for less 
energy consumption in extraction), considerable interfacial tension (to ease coalescence of 
emulsions and phase separation), high stability, suitable volatility or boiling point, and 
commercially available at low cost (Huang et al., 2014; Vane, 2008).  
A conventional extractant for recovery of butanol is oleyl alcohol, which has been 
widely researched and is a benchmark extractant for this purpose (Díaz & Tost, 2017; Huang 
et al., 2014; Kurkijärvi, Lehtonen, & Linnekoski, 2014). Oleyl alcohol could be mixed with 
other extractants such as decanol to increase productivity (Díaz & Tost, 2017). Other studied 
extractants include glyceryl tributyrate, biodiesel, and oil derived extractant (Huang et al., 
2014). More study should be conducted related to the in-situ application (extractive 
fermentation), especially for large-scale application. Most of the concerns are the slow mass 
transfer to the organic phase, the formation of emulsions through agitation, and the potential 
of cell inhibition by the solvent (Huang et al., 2014; Kurkijärvi et al., 2014). 
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 Integrated Fermentation-In-situ Gas Stripping 
Gas stripping for the removal of fermentation products from the fermentation broth 
involves the use of an inert gas such as nitrogen (N2), carbon dioxide (CO2), and hydrogen 
(H2) produced during fermentation as a carrier gas. During gas stripping process, 
fermentation products (acetone, ethanol, and butanol) are stripped off from the fermentation 
broth and condensed into a liquid. The carrier gas, which is uncondensed, will be recycled 
back to the fermenter. The use of fermentation off-gas could reduce the cost required for 
additional chemicals or membrane and does not toxic to the cells. In addition to that, it 
employs a simple technology and could provide a benefit of agitation effect through the 
introduction of the carrier gas from the bottom of the fermenter (Friedl, 2016; Huang et al., 
2014). Figure 2.5 shows the typical set-up for the integrated fermentation-in-situ gas 
stripping process. It could be integrated into a batch, fed-batch, or continuous fermentation 
system (Huang et al., 2014). Previous studies have recorded a significantly higher butanol 
final concentration; 151.7 g/L (Ezeji, Qureshi, & Blaschek, 2004), 113.3 g/L (Xue et al., 
2012), and 76.44 g/L (Lu, Zhao, Yang, & Wei, 2012) as opposed to conventional ABE 
fermentation with butanol concentration of less than 20 g/L. Among parameters worth to be 
optimized during gas stripping process are the bubble size and gas recycling rate, which 
could potentially cause a problem such as foaming (Friedl, 2016). 
Comparison of Performance and Energy Requirement 
The described products separation methods above were among the most energy-
efficient technologies (low energy requirement per volume of ABE) potential for industrial 
application. Comparison of the energy requirement among them is useful to determine the 
best candidate for further research towards the industrial application. The available energy 
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comparison work made by (Groot, van der Lans, & Luyben, 1992) needed some updating 
work to fit with the recent advancement in the related technology; new type of membranes, 
adsorbents, and extractants. 
Membrane Pervaporation 
In the development of integrated fermentation-membrane pervaporation system, it is 
crucial to have a membrane with a high alcohol-water separation factor that exhibits high 
fluxes. Pervaporation membrane theoretically should have extended membrane functionality 
to make it possible in industrial scale application. In the energy consumption standpoint, 
membrane pervaporation is a promising process because it does not require elevated-
temperature conditions.  
Van Hecke et al. (2012) has compared the energy consumption of a pervaporation-
assisted ABE fermentation and gas stripping ABE solvent recovery method. They conducted 
two stage fermentation based on the two phases of microorganisms’ growth, which are 
acidogenic and solventogenic fermentation. Fermentation broth from solventogenic 
fermentation phase then subjected to the pervaporation unit without prior ultrafiltration step. 
A series of hydrophobic PDMS pervaporation membranes, run at 35 °C was employed. The 
pervaporation was coupled to the second fermenter for 475 h with an average flux of 367 
g/m2.h. They found that the carbohydrate concentration could be increased from 60 to 110 
and 126 g/ L with 95 % and 89 % glucose utilization, respectively. Butanol toxicity in the 
fermenter was also decreased after the coupling, leading to an increase in productivity and a 
permeate enriched to 57 – 195 g/L total solvents. They suggested that for the system to be 
energetically better than the gas stripping process, membranes with a separation factor of 50 
to100 should be employed, which have an estimated energy requirement of about 4.19 – 7.58 
MJ/kg butanol as compared to those of gas stripping process (14.18 MJ/kg butanol). They 
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have then conducted a different study to enhance the performance of the previously 
developed system with the aim to get higher productivity and carbohydrate utilization. They 
successfully increased the carbohydrate concentration up to 150 g/L for five fermentation 
phases, which took a total of 774 h. They recorded a productivity increase to 1.13 g/L.h from 
0.37 g/L.h (previous study) (Van Hecke et al., 2013). Comparison of the energy requirement 
of their new-enhanced system, however, was not conducted.  
In 2010, a study on different types of pervaporation membrane, silicone-rubber-
coated silicalite membrane was published. Silicalite was hydrothermally synthesized at 
different aging temperature, aging time, and with or without a rubber coating, were used for 
separation of 1 wt. % butanol solution. The result has shown that the silicalite coated with 
rubber has better pervaporation properties (permeation concentration, total flux, butanol flux, 
and separation factor). Silicone-rubber-coated silicalite prepared at 25 ºC aging temperature 
and 210 min aging time give the best pervaporation properties of 81.8 wt. % permeation 
concentration, 35.6 g/m2.h total flux, 29.1 g/m2.h butanol flux, and a single phase of butanol 
with the separation factor of 444. With the pervaporation temperature of 45 ºC, the energy 
required for the process was around 4.3 MJ/kg butanol which equivalent to 13 % that of 
butanol energy (Negishi, Sakaki, & Ikegami, 2010). 
A different study has investigated the performance of poly(1-trimethylsilyl-1-
propyne) (PTMSP) membrane in butanol separation. They found that the total sorption and s-
shape isotherm of butanol would only occur at butanol feed solution of 0 – 1 wt. %. While 
concentration higher than 1 wt. % would strongly affect the partial flux of water which due to 
“pore blocking” effect. The evaluation of the separation factors of their membrane is much 
complex taking into accounts the thermodynamic and kinetic components. In overall, they 
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observed that the separation factor increased as the feed concentration increased (Fadeev et 
al., 2001).  
Adsorption Technology 
For adsorption technology, most of the energy required is for the high-temperature 
requirement of product desorption or adsorbent regeneration stages. Steam is the widely used 
method for this purpose because steam can raise the temperature quickly and can be easily 
condensed to recover the ABE (Eom et al., 2013). A low-cost steam generation method is, 
therefore, the key to the cost reduction.  
Another cost-related parameter in the adsorption process is the type of adsorbent used 
and its shelf life. The choice of adsorbent should be based on the one made from a material 
with high selectivity towards ABE with promising lifetime and could stand the recurring 
desorption and regeneration cycle. A group of researchers has conducted a study on the 
adsorption performance of polymer resin poly-(styrene-co-divinylbenzene) adsorbent (Eom 
et al., 2013). They found that 50 % of steam-to-adsorbent ratio has given the best rate of 
regeneration ratio (80 %) (ABE concentration desorb/ ABE concentration adsorbs). 
However, a considerably high amount of steam was required to get a higher regeneration 
ratio, with up to 80 % steam-to-adsorbent ratio only increased the regeneration ratio by 20 % 
(Eom et al., 2013). This amount may not be economically feasible or a good trade-off in a 
commercial plant scale.  
A different study using silicalite adsorbent had identified an optimum energy 
requirement of about 3.4 MJ/kg butanol was required for a specific production of butanol of 
0.088 kg/kg at desorption period of 2000 s and desorption temperature of 150 °C. The final 
recovered butanol concentration was up to 70 % (w/w) purity from dilute aqueous solutions 
(0.5 – 2 % w/w) (Águeda, Delgado, Uguina, Sotelo, & García, 2013). Another study using 
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commercially available zeolite was previously conducted by Saravanan et al. (2010), which 
successfully recover butanol with a higher concentration (80 wt. %) at lower desorption 
temperature (118 ºC).  
Extractive Fermentation 
Extractive fermentation is considered better than separate extraction process because 
the separation of butanol from the fermentation broth occurs immediately as it is produced, 
as well as without the requirement of additional unit operation and stop time. Although there 
is a concern about the toxicity of the extractant towards the microorganisms, few studies 
have been conducted to evaluate those effect. Ishii et al. (1985) had tested the widely used 
extractant, oleyl alcohol for extraction of butanol from the fermentation broth in extractive-
fermentation set-up. They were able to prevent end-product inhibition and prolong the 
fermentation up to 150 h with a total of 73 kg/m3 glucose consumed and 12.9 kg/m3 butanol 
produced. Their recovery, however, was lower than those recorded by external oleyl alcohol 
extraction conducted by Roffler, Blanch, & Wilke (1988) with 55 g/L butanol recovered 
from 214 g/L glucose fermented system within 55 h.  
Slightly better yield of extractive fermentation was obtained by Ishizaki et al. (1999), 
who used methylated crude palm oil as the extractant. The recovered butanol concentration 
was 20.9 g/L after 80 h fermentation and 74.7 g/L glucose consumed. Methylated crude palm 
oil was also extracting a higher amount of acetone as compared to oleyl alcohol, which 
makes the fermentation system better and unlimited for the growth of the microorganisms as 
compared to the previous study by Ishii et al. (1985). Despite this, the yield from the 
extractive fermentation process still very low to be considered for commercial application. 
Another concern of extractive fermentation is the limited ability to model the process 
due to its complexity. Some works opt for the separate extraction process and focus on the 
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potential of this approach to increase ABE fermentation yield. One recent work was from 
Kurkijärvi et al. (2016), who investigated the separate dual extraction process for ABE 
recovery from the fermentation broth. They recorded a promising recovery of ABE solvents 
using two types of solvents, which are 2-methyl-1-hexanol and cyclopentane. In the dual 
extraction process with extractant regeneration column, although the yield was less than 
those recorded from extraction with reactive distillation column for extractant regeneration, it 
was consuming lower energy. Grisales Díaz & Olivar Tost (2017) compared the economics 
of various extraction approaches. They recorded lowest energy consumption (6.4 MJ/L 
solvents for 26.2 g/L ABE concentration) from the system with oleyl alcohol extractant and 
utilizing direct steam distillation for extractant regeneration. 
Gas Stripping 
  In the gas stripping process, energy requirement was relatively low due to the 
elimination of high-temperature requirement but only for pumping the stripping gas and 
cooling water in the condenser. However, experimental results have shown that the 
concentration of ABE products obtained in this process was low, and a significant fraction of 
water was stripped-off with the solvent, leading to low separation factor. This low 
concentration of gaseous products stream demanded extensive work from condenser and 
compressor, which eventually cause the requirement of intense energy for further purification 
process (Outram et al., 2017). Other than that, additional (make-up) stripping gas may be 
required to make the fermentation system unlimited for the growth of the microorganisms, 
which will also increase the cost.  
 Xue et al. (2013) were managed to find a way to increase products concentration 
during gas stripping process using a developed system called integrated two-stage gas 
stripping (H2 and CO2), that was better than their previous intermittent gas stripping process. 
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The two-stage gas stripping process allows, removal of ABE from the fermentation broth in 
the first-stage gas stripping process and then further concentrate the products in the second-
stage gas stripping process. These processes allow only a small amount of water in the 
second-stage of gas stripping, thus reduce the energy required for final dewatering and 
product purification step. They recorded butanol concentration of 420 g/L, which was 20-fold 
higher than those of conventional ABE fermentation (20 g/L) and their previous work (less 
than 150.5 g/L) (Xue et al., 2012). They have estimated that the energy requirement for 
further purification to be less than 5 MJ/kg butanol.  
Other researchers had evaluated gas-stripping process using N2 instead of 
fermentation off-gas CO2 and H2. In the study, simulations of different modes of IBE 
fermentation were conducted, including batch, repeated batch, and continuous fermentation. 
They found that a temperature of 70 ºC gave better removal rate of the fermentation product. 
Out of the tested fermentation mode, they established an innovative process using repeated-
batch, in which gas stripping was applied intermittently for 4 h where fermentation products 
were removed from the broth while revitalizing the culture, resulting in a prolonged stable 
IBE culture. They recorded total fermentation time of 454 h with 24.2 g/L glucose consumed 
and 7.1 g/L butanol recovered (de Vrije, Budde, van der Wal, Claassen, & López-Contreras, 
2013). Employment of N2 stripping gas ensures stable gas flow and supply, as compared to 
fermentation off-gas: however, render higher cost for N2 purchasing or generation. 
Distillation 
Conventionally, solvents recovery and purification were conducted solely using series 
of distillation process. This process requires higher capital, maintenance, and operating cost. 
The primary operating cost involved includes utility, energy, and labor costs. Matsumura, 
Kataoka, Sueki, & Araki (1988) recorded an energy requirement of 79.5 MJ/kg butanol for 
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purification of 0.5 wt. % butanol feed solution. This energy requirement was substantially 
higher than the energy produced by the butanol (36.1 MJ/kg). Despite the high recovery of 
99.9 wt. %, the process is considered not economically feasible due to the mentioned reason.  
Conclusions 
The reviewed four product separation technologies for ABE fermentation were 
promising for commercial application. Table 2.1 summarized the comparisons of the selected 
ABE products separations. It has shown that energy requirements data of these products 
separation approaches was lacking. Nevertheless, it is expected that these technologies 
require lower energy compared to those of conventional fermentation-distillation system. Of 
them, in-situ fermentation gas stripping and integrated fermentation-pervaporation systems 
are expected to have the least energy requirement due to its moderate working temperatures. 
Other than that, further products purification cost for these systems is unclear. A more strict 
comparison should be conducted to determine the actual potential of each suggested 
methods. Thus, the information in the present write-up may be useful for further detail 
techno-economic feasibility analysis.    
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Figure 2.3 General process flow of a) extractive fermentation, and b) liquid-liquid extraction. 
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Figure 2.4 General process flow of integrated fermentation-in-situ gas stripping. 
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Table 2.1 Comparison of new technologies for products separation process in ABE 

























4.19–7.58 2 wt. % >50 (35 ºC) Van Hecke 
et al., 2012 
PTMSP 
- 1 wt. % 34.4 (25 ºC) 

















- 1.28 wt. % a84.3 (20 ºC) 
d80 (118 ºC) 
Saravanan 
et al., 2010 
Activated carbon 
- 1.2 wt. % d80 (175 ºC) Abdehagh 





- 73 kg/m3 GC 12.9 kg/m3 
(150 h F) 











6.12 ~29 g/L  98.6 (37 °C, 1 
bar) 
Kurkijärvi 




H2 & CO2 
<5  19.2 g/L GC 42 (48 h F, 2 
–stages 
stripping) 
Xue et al., 
2013 
- 1125 g/L GC 0.43 (504 h F) Ezeji et al., 
2013 
N2 (batch F) 
- 40.4 g/L GC 0.5 (1 vvm, 43 
h F) 




- 24.2 g/L GC 0.71 (70 ºC, 4 
h, 1 vvm, 454 
h F) 
N2 (continuous F) 
- 31.6 g/L GC 0.49 (1 vvm, 









79.5 0.5 wt. % 99.9 Matsumura 
et al., 1988 
**compared to energy given by butanol, 36.1 MJ/kg. *UOS – unless otherwise specified, MS – model 
solution, FB – fermentation broth, a – adsorption, d – desorption, GC – glucose consumed, F – 
fermentation, D – dilution rate. 
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CHAPTER 3.    OBJECTIVES OF THE STUDY 
This study attempted to provide a competitive way of co-products or waste 
utilization. Distillers Dried Grains with Solubles (DDGS), corn gluten feed (CGF), corn fiber 
(CF), and oil palm frond (OPF) were evaluated in term of its potential in biobutanol 
production. The first part of the study examined low moisture anhydrous ammonia (LMAA) 
pretreatment of the mentioned feedstocks. This pretreatment was aimed to increase the total 
sugar available for the fermentation process. Data from laboratory experiments, which were 
changes in lignin, cellulose, and hemicellulose percentages, as well as an increase in 
enzymatic digestibilities percentages, were used in the second part of the study. In this study, 
biobutanol production was simulated using SuperPro Designer modeled processing plant 
consisting of LMAA pretreatment process, acetone-butanol-ethanol (ABE) fermentation 
process, as well as selected products recovery and purification technologies. The 
sustainability assessments of the whole process were conducted, which were techno-
economic analysis (TEA) and life cycle assessment (LCA). The next part of the study 
involved the simulation of other processing approaches (pretreatment and downstream) for 
ABE fermentation and compared them to those of LMAA pretreatment. The objectives were: 
 
i. To determine the effect of LMAA pretreatment on the compositions of Distillers Dried 
Grains with Solubles (DDGS), corn gluten feed (CGF), corn fiber (CF), and oil palm 
frond (OPF). 
ii. To investigate the economic potential of LMAA pretreatment for biobutanol production 
and to compare it with leading pretreatment methods.  
60 
iii. To assess the efficiency of a variety of recovery and purification approaches for a 
biobutanol production process. 
iv. To determine the environmental impacts of the biobutanol production plant that 
adopting LMAA pretreatment technology. 
 
The chapters in this dissertation were organized according to the objectives above. 
Chapter 1 provides a brief introduction of current applications of the selected materials and 
its potential in value-added products production, as well as the background of each material, 
biofuels production, and related assessments. Chapter 2 provides a review on the latest 
products separation approaches for biobutanol plant. Chapter 3 lists the objectives of the 
study. Chapter 4 demonstrates and presents the LMAA pretreatments data of each material. 
Chapter 5 investigates the potential of selected LMAA treated material in butanol production. 
Chapter 6 investigates the economic potential of biobutanol production using a variety of 
pretreatment and products separation approaches. Chapter 7 investigates the environmental 
impacts of biobutanol production from LMAA treated material. Chapter 8 summarizes the 
findings of the study and recommendation for future work. 
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CHAPTER 4.    LOW MOISTURE ANHYDROUS AMMONIA (LMAA) 
PRETREATMENT OF LIGNOCELLULOSIC MATERIALS 
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Abstract 
The presence of lignin and hemicellulose in cellulosic biomass structure has hindered 
its application as the substrate for a fermentation process because it serves as a protective 
layer for the enzyme reaction. A pretreatment step is therefore needed to break these 
components. Pretreatment step often increase the production cost of fermentation-based 
bioproducts, mainly due to the high liquid requirement, harsh process conditions, as well as a 
high amount of chemical used and waste produced. Low moisture anhydrous ammonia 
(LMAA) pretreatment method has the potentials to eliminate those drawbacks. Distillers 
Dried Grains with Solubles (DDGS), corn gluten feed (CGF), corn fiber (CF), and oil palm 
frond (OPF) with different moisture contents were subjected to the LMAA pretreatment at 
specific ammonia loading rate, 1 h ammoniation, and 75 ºC incubation temperature. The 
pretreatment successfully decreased the lignin content of the materials, increased the 
percentage of α-cellulose, and improved the enzymatic digestibilities for most of the 
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materials tested. The effect of the moisture content (30 and 50 % db.) was more significant 
than incubation time (24 and 72 h). 
Keywords: Pretreatment, Distillers Dried Grains with Solubles, Corn gluten feed, Corn fiber, 
Oil palm frond, LMAA pretreatment. 
Introduction 
Pretreatment is a crucial step for any lignocellulosic-based bioproduct production. 
Through pretreatment, the recalcitrant structure of lignocellulosic materials is loosened and 
disrupted, thus enhancing enzyme penetration and hydrolysis of the crystalline backbone 
structure of biomass. Nevertheless, pretreatment has also been identified to potentially 
driving the production cost of the lignocellulosic-based bioproducts, either because of cost of 
the intensive processing conditions or the amount of chemicals used. Conventional 
pretreatment methods such as chemical and mechanical pretreatment essentially require high 
chemical loading, high energy consumption, a large amount of water, and the need for the 
waste treatment process. Various pretreatment approaches have been developed to eliminate 
these drawbacks. One of the methods, physicochemical pretreatment, combines the 
advantage of chemical pretreatment and physical pretreatment. 
Ammonia-based physicochemical pretreatments were among the most explored by 
researchers due to attractive properties of ammonia (NH3) as a pretreatment agent including 
the effects of swelling, delignification, and preservation (Li & Kim, 2011; Yoo et al., 2011). 
Among these pretreatment methods are ammonia fiber explosion (AFEX), ammonia recycles 
percolation (ARP), and low liquid ammonia (LLA) pretreatment. These pretreatments either 
have high consumption of energy or liquids, thus are not feasible for commercial application. 
Not long ago, low moisture anhydrous ammonia (LMAA) pretreatment was introduced, 
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which employs gaseous ammonia (NH3) as the pretreatment agent at nearly ambient 
operating conditions (Yoo et al., 2011). The use of gaseous NH3 not only giving a substantial 
reduction of the liquid requirement of the whole system but also, being a gas, has a property 
of naturally evaporating thus, does not require any additional water washing step to remove 
the residual NH3. The LMAA pretreatment of corn stover has a promising results in a larger 
scale reactor, which suggests the possibility of LMAA pretreatment for the larger scale 
application (Yang & Rosentrater, 2017; Cheng & Rosentrater, 2016). 
LMAA pretreatment could be used for other types of lignocellulosic materials. This 
study subjected Distillers Dried Grains with Solubles (DDGS), corn gluten feed (CGF), corn 
fiber (CF), and oil palm fronds (OPF) to the LMAA pretreatment process. DDGS, CGF, and 
CF are generated abundantly from corn processing plant as co-products and are currently 
have low value. The current market for these materials is primarily in feed manufacturing 
and a small proportion as a food additive with a low selling price. In 2014, from 44 × 106 t of 
DDGS generated in the U.S., 10 × 106 t were exported, and the rest used locally as feed 
material (Wisner, 2016). Likewise, oil palm fronds (OPF) are generated abundantly 
throughout the year in the palm oil plantation area. In Malaysia, approximately 44 – 51 × 106 
t of OPF is produced annually (Awalludin et al., 2015; Goh, Tan, Lee, & Bhatia, 2010). The 
number is even higher during replanting period. There is no current commercial application 
of OPF. Attempts to utilize it in ruminants feeds production and wood manufacturing did not 
give a promising results (Khalil, Jawaid, Hassan, Paridah, & Zaidon, 2012; Shawkataly et al., 
2006). 
The revenue gain from these materials are not comparable to those of its primary 
manufacturing products, which are ethanol from corn wet and dry milling, and oil from oil 
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palm mills. The growth of the palm oil industry has projected continuous generation of OPF 
(Ahmad Rizal et al., 2018; Ooi, Teah, Kunasundari, & Shuit, 2017). The relatively slow 
current ethanol market (2019) has urged the corn processing industries to increase the co-
products value and market (RFA, 2019).  
The similarity of these materials is the high content of non-fermentable 
polysaccharides (cellulose, and hemicellulose). The LMAA pretreatment has the potential to 
make these polysaccharides more available for fermentation. Hence, this study proposed a 
way to utilize co-products, as well as waste materials; LMAA-treated materials could be a 
substrate for any fermentation process. This study aimed to investigate the effect of LMAA 
pretreatment on DDGS, CGF, CF, and OPF. The efficiency of LMAA pretreatment was 
evaluated in term of the reduction in lignin content, increase in available cellulose, and 
improvement in enzymatic digestibility percentages.  
Materials and Methods 
Materials 
DDGS was obtained from Absolute Energy, L.L.C. (St. Ansgar, IA, USA). CGF was 
obtained from Grain Processing Corporation (Muscatine, IA, USA). CF was obtained from 
Honeyville, Inc. (North Ogden, UT, USA). OPF was obtained from oil palm plantation site in 
Malaysia. OPF was cleaned, dried, and chopped into 1 cm pieces. The compositions of each 
raw materials are summarized in Table 4.1. The moisture content of all raw materials was 
determined according to NREL LAP standard method (Sluiter et al., 2008). The moisture 
content of raw materials was adjusted to 30% dry basis (db.) and 50 % dry basis (db.) by 
addition of water and steeped for 24 h.  
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Enzyme 
Cellulase enzyme (Celluclast® 1.5 L) used was purchased from Sigma Aldrich Corp. 
(St. Louis, MO, USA) with a determined activity of 65 FPU/mL.  
Low Moisture Anhydrous Ammonia (LMAA) Pretreatment 
LMAA pretreatment was conducted in a 0.9 L reactor (Parr Instrument Co., Moline, 
IL, USA). Anhydrous ammonia (NH3) loading used was 0.09 g/g biomass for DDGS, CGF, 
and CF, and 0.18 g/g biomass for OPF. The reactor filled with raw materials was introduced 
with anhydrous NH3 while monitoring the pressure. The reactor held for 1 h and then the lid 
of the reactor was removed in the fume hood for 15 min to enable evaporation of the NH3. 
The ammoniated raw materials were transferred into a glass bottle with a screw cap and 
subjected to incubation. The incubation took place at 75 ºC for 24 and 72 h in the convection 
oven. Upon completion of the incubation process, the cap of the glass bottles was removed 
for 1 h to evaporate surplus NH3. The whole pretreatment procedure was according to (Yang 
& Rosentrater, 2017; Cheng & Rosentrater, 2016).  
Compositional Analyses 
Holo-, alpha-, and hemicellulose determination 
Holocellulose and α-cellulose content of the pretreated samples were determined 
according to the Wise method (Wise, Murphy, & Adieco, 1946). Hemicellulose content 
obtained by subtracting the α-cellulose content from the holocellulose content.  
Lignin and carbohydrate determination 
Lignin content determination was according to NREL LAP standard method (Sluiter 
et al., 2012). The acid-insoluble lignin (AIL) content was determined based on gravimetric 
method while the acid-soluble lignin (ASL) content was determined at 320 nm using Cary 
8454 UV/Vis Diode Array Spectrophotometer (Aglient Technologies, Santa Clara, CA, 
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USA). Absorptivity at the lambda max value (ε) of 30 L/g.cm was used for the percentage of 
soluble lignin calculation for all types of raw materials (Nomanbhay, Hussain, & Palanisamy, 
2013; Noureddini & Byun, 2010).  
The glucose content was determined using HPLC equipped with Biorad Aminex 
HPX-87H column (Bio-Rad Laboratories, Hercules, CA, USA), Varian 356-LC refractive 
index detector (Varian, Inc., CA, USA), guard column and autosampler based on the 
following condition: injection volume – 10 µL; mobile phase – 0.01 N HPLC grade sulfuric 
acid; flow rate – 0.6 mL/min; column temperature – 65 ºC; detector temperature – as close to 
column temperature as possible; detector – refractive index; run time – 20 min. A set of sugar 
recovery standard (SRS) was prepared to determine degradation losses, which is used to 
compensate for degradation losses of the samples. Equations (4.1) – (4.4) were used to 
calculate the percentage of lignin and glucose in the sample after hydrolysis, where AIR = 
acid-insoluble residue; ODW = oven dry weight; Wt.C = weight of crucible; Wt.P = weight of 
protein; correction factor = 0.9. The protein content of each raw materials was assumed at 
31.4 % (Pedersen, Dalsgaard, Knudsen, Yu, & Lærke, 2014), 25.1 % (Miron, Yosef, & Ben-
Ghedalia, 2001), 9.9 % (Noureddini & Byun, 2010), and 5.3 % (Khalil et al., 2012) for 
DDGS, CGF, CF, and OPF respectively. 
 
% AIL = 
(Wt.C+AIR(g) - Wt.C(g)) - (Wt.C+ash(g) - Wt.C(g)) - Wt.P(g)
ODWsample(g)
×100                 Eq. (4.1) 
% ASL = 
UVabs × Volumefiltrate(mL) × Dilution
ε (L/g.cm)× ODWsample (g) × Pathlength (cm)
 × 100                                   Eq. (4.2) 







 × 100                                    Eq. (4.3) 
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% Glucan =
Sugar conc.(mg/mL)  × Correction factor × Volumefiltrate (mL)
% recovery sugar × ODWsample(g)
 × 100     Eq. (4.4) 
 
Enzymatic Digestibility Test 
Enzymatic digestibility test was conducted according to the NREL LAP standard 
method (Selig, Weiss, & Ji, 2008). The cellulase enzyme loading was 60 FPU/g cellulose. 
The mixture was incubated at 50 ºC and 150 rpm in the incubator shaker (Excella E24 
Incubator Shaker Series, NewBrunswick Scientific, Edison, NJ, USA). Samples were taken 
at each 24 h interval for up to 120 h. Percentage of digestion are calculated in term of glucan 
digestibility based on Equation (4.5), where the 0.9 is the correction factor for calculating 6-
cabon polymeric sugars from the corresponding monomeric sugars. 
 
%  Digestion  = 
Cellulose digested (g)
Cellulose added (g)
 × 100 × 0.9                                                     Eq. (4.5) 
 
Non-linear changes in percentage digestibility over time was modeled by developing 
the regression trendline using the Hanes-Woolf approach, where the kinetic rate constants 
were determined by linear regression on the time over digestibility versus time plot. 
Experimental Design and Data Analysis 
The independent variables tested on each feedstock were the moisture content (30 % 
db. and 50 % db.) and LMAA incubation time (untreated (UT), 24 h, and 72 h). For each 
feedstock, untreated samples were subjected to the same analyses and served as a control. 
The measured dependent variables were α-cellulose (wt. %), hemicellulose (wt. %), AIL (wt. 
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%), ASL (wt. %), and glucan contents (wt. %), as well as enzymatic digestibilities 
percentages. 
The statistical analyses were conducted in JMP Pro 13.1.0 (SAS Institute, Cary, NC, 
USA) statistical software. Comparisons amongst mean values from the moisture content 
factor were conducted using paired Student’s t-test. Tukey’s Honestly Significant Difference 
(HSD) test was used for multiple pairwise comparisons amongst mean values from the 
incubation time factor, as well as the interaction between factors. The analyses were 
conducted at α=0.05. 
Results and Discussions 
Effect of Moisture Content and Incubation Time on Biomass Compositions 
Variation in incubation time and moisture content have resulted in a different amount 
of α-cellulose, hemicellulose, AIL, and ASL for all type of biomass tested. Table 4.2 
summarized the P-values of each factor at α=0.05. Results for the main and interaction 
effects of factors on biomass compositions after LMAA pretreatment are shown in Table 4.3 
and Table 4.4, respectively.  
Incubation time had a significant effect on DDGS compositions (Table 4.2). There was 
no significant difference of the compositions at the moisture contents tested. These results 
suggest that working at lower MC will indifferently effect biomass compositions as 
compared to when the MC was higher. The results (mean values) of the main effect (Table 
4.3) and the interaction effect (Table 4.4) have shown that different incubation time gave a 
significant difference in the mean value of compositions between level UT and the other but 
not always significantly different between levels 24 and 72, which suggests that 24 h is 
sufficient incubation time for DDGS. The highest cellulose content recorded was 27.33 wt. % 
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from 30 % MC DDGS treated for 24 h (Table 4.4). Similarly, the same parameters recorded 
no significant difference in the mean of hemicellulose and AIL, however not for ASL 
content. Noted that the cellulose in DDGS was slightly decreased as the incubation time 
increased to 72 h. It could indicate that the longer the incubation conducted would enhance 
the cellulose degradation, either partially into glucose or fully into the carbon unit. The latter 
is not desired in the biochemical process as it would decrease the substrate available for the 
fermentation process. Results of glucan content (Figure 4.1) shows that total glucan in the 
sample was not decreased which could eliminate the possibility for the latter scenario. 
Similarly, in CGF, p-values of <0.05 were recorded from the time factor, indicating 
that different time gave significant difference compositions. Despite that, based on the results 
(Table 4.3 and 4.4), a significant difference in the compositions was only recorded between 
levels UT and 24, and levels UT and 72 but not always between levels 24 and 72. Varying 
the MC resulted in no significant difference in the mean values of compositions (except for 
α-cellulose content). α-cellulose content in CGF was decreased after the pretreatment as 
compared to those of untreated sample. This decreased might indicates that the pretreatment 
conditions applied were too much for CGF, which caused degradation of α-cellulose. 
Analysis of glucan content (Figure 4.1) shows that there was slight reduction of total glucan 
in 30 % MC CGF which might indicate degradation of sugar. The same condition was not 
observed in 50 % MC CGF. Pretreatment conducted on 50 % MC CGF recorded a 
significantly less α-cellulose degradation than those of 30 % MC CGF. However, the results 
between 24 and 72 h incubation time were not significantly different. 
The effect of MC on CF compositions was more apparent than those of DDGS and 
CGF with a significant difference in the results except for AIL content. Sample with 50 % 
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MC recorded significantly higher cellulose, lower hemicellulose, and lower ASL. On the 
other hand, there was no statistically significant difference of mean values of compositions 
between levels 24 and 72 of the incubation time, suggesting that the 24 h LMAA incubation 
time might be sufficient for CF. The α-cellulose content recorded from 50 % MC CF treated 
for 24 h (38 wt. %) was not significantly different from those of 72 h (39.33 wt. %) (Table 
4.4). Other compositions also showed a similar trend. There was a statistically significant 
interaction recorded between all factors on hemicellulose and ASL content (Table 4.2). 
For OPF, there was no significant difference of α-cellulose recorded from different 
MC tested. The case was the same for hemicellulose and AIL content, but not for ASL 
content. Different incubation time was giving mostly significant difference results at levels 0 
and 24, and between levels 0 and 72, but not always between levels 24 and 72. Only the 
mean of ASL content has recorded a statistically significant interaction between all factors 
(Table 4.2). The cellulose content recorded from 50 % MC OPF treated for 24 h (58 wt. %) 
was not significantly different from those of 72 h (59.33 wt. %). Therefore, it could indicate 
that these parameters (50 % MC and 24 h) are sufficient for LMAA pretreatment of OPF. 
Overall, lower MC (30 %) in the DDGS and OPF was not giving a statistically 
significant difference of α-cellulose content after LMAA pretreatment than those given by 50 
% MC biomass, suggesting its suitability to be used for future work. While for CGF and CF, 
significantly higher α-cellulose content was recorded at higher MC (50 %). α-cellulose 
content was assumed to be the most critical component since it will give the most sugar 
(glucose) for the fermentation process, thus was used to decide the most effective parameters 
for the LMAA pretreatment process. Following the α-cellulose, hemicellulose is also 
potentially supplying sugar (xylose) to the system. It was observed that the hemicellulose 
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contents at the selected MC (30 % for DDGS and OPF, and 50 % for CGF and CF) were 
slightly less than those of the other MC. However, the reason for the trend is unclear. 
In the LMAA pretreatment process, it is hypothesized that water molecules present in 
the biomass bind with NH3 molecules during the ammoniation and forming ammonium ion 
(NH4+) and hydroxyl ion (OH ̄ ), which reacts with lignin. Water molecules can also form 
hydrogen bonds with cellulose, which causes swelling of cellulose crystalline structure 
resulting in micro-cracks and later increase the accessibility of enzymes (Célino, Fréour, 
Jacquemin, & Casari, 2014; Yoo et al., 2011).  
For CGF and CF, where a significant amount of starch is also part of their 
compositions, water might be absorbed into the starch in addition to those absorbed into the 
cellulosic structure. Therefore, in total, more amount of water was absorbed as a bound 
water, which provide more site for NH3-H2O reaction in the cellulose structure. For OPF, 
although the presence of high cellulose might enhance water absorption and therefore give 
higher α-cellulose content, it was determined to be insignificantly different between 50 % 
and 30 % MC samples. While for DDGS, which consist of a low amount of starch and 
cellulose, only a small amount of water was retained in its structure to give the pretreatment 
effect. Addition of more water to DDGS might only turn to be kept in its structure as free 
water thus not contribute to any reaction with NH3.  
Several previous studies have shown that water absorption capacity was the least in 
protein than in starch and cellulose, which explained the results in this study (Greer & 
Stewart, 1959; Wang, Liu, Holmes, Kerry, & Kerry, 2007). The approximate starch content 
in DDGF, CGF, and CF, are 6 % (Pedersen et al., 2014), 20 % (Schroeder, 2012), and 17.77 
% (Noureddini & Byun, 2010), respectively. For the incubation time factor, the higher the 
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time, in overall was not giving any significant effect to the biomass, especially in term of α-
cellulose content. 
Other than increasing the α-cellulose available in the biomass as compared to those of 
untreated biomass (except for CGF), LMAA pretreatment decreased the hemicellulose and 
AIL content for all of the biomass. The ASL content after the pretreatment, for all of the 
biomass, was increased but often not of valuable information in the biochemical processing, 
because this fraction will be removed from the system either during filtration or evaporated 
in the drying process (moisture reduction process that is required before the waste can be fed 
to the boiler).  
The resulted p-values of statistical analysis (Table 4.2) support the described results. 
P-values lower than 0.05 indicated no evidence of varying the factors would lead to a 
different mean. Most interaction effects of the factors for all type of biomass tested were 
showing the insignificant result at α=0.05, indicating that there was no evidence that the 
effect of time differed with the different MC of the biomass. Only several compositions for 
several types of biomass have shown a significant interaction effect; the mean of ASL 
content for CF and OPF, and the mean of hemicellulose content for CF. It was a rather weak 
supporting data in the selection of the best working conditions. Table 4.5 summarized the 
comparison of biomass compositions after the pretreatment process recorded in this study as 
a comparison with the available works by others for DDGS, CF, and OPF. No previous 
research on CGF pretreatment was available for comparison. It has proved that LMAA 
provides a competitive way of biomass pretreatment at a potentially lower cost than other 
pretreatment approaches.  
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Effect of Moisture Content and Pretreatment Time on Enzymatic Digestibility 
Figure 4.2 – 4.5 presented the results for enzymatic digestibility test. The percentage 
digestibility of LMAA pretreated biomass was higher than those of untreated biomass. The 
highest digestibility recorded at the end of hydrolysis for DDGS, CGF, and CB were from 
those with 30 % MC and treated for 24 h, with 76.02 %, 62.87 %, and 80.28 % digestibility, 
respectively. The highest digestibility percentage recorded for OPF was 54.15 %, which was 
from those with 50 % MC and treated for 24 h. Generally, the percentages of digestibilities 
were increased as the digestion time increased. However, for commercial application of the 
process, in the economic standpoint, 24 h of reaction is considered sufficient for all type of 
biomass tested since there was no significant difference between the percentage digestibility 
at 24 h and 72 h (Table 4.6).  
P-values of the main effects showed that there was no significant difference in the 
digestibilities from most of the factors tested. The exception was observed on the main effect 
of MC for OPF and the main effect of digestion time for CF, in which the digestion of 50 % 
MC OPF was significantly higher than those of 30 % MC, and the digestion of CF at 72 h 
was significantly higher than those of 24 h. When considering the most significant 
parameters giving the best yield of α-cellulose, in this case, the highest percentage 
digestibility recorded for DDGS was 73.66 % (30 % MC and 24 h incubation), for CGF was 
57.50 % (50 % MC and 24 h incubation), for CF was 66.26 % (50 % MC and 24 h 
incubation), and for OPF was 52.28 % (50 % MC and 24 h incubation). 
Conclusions 
In the present work, DDGS, CGF, CF, and OPF were treated using LMAA 
pretreatment. The process is essential to reduce the recalcitrant structure of biomass since it 
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capable of increasing the enzyme penetration into the cellulose structure of the biomass 
during the enzyme hydrolysis process. DDGS was required lesser MC for the process (30 %), 
while the rest of the biomass has better pretreatment results (compositions and digestibilities) 
at 50 % MC. There is no significant difference of the results between incubation times tested. 
Enzymatic hydrolysis conducted after the LMAA pretreatment process has recorded in the 
increase in the digestibility of the biomass as compared to those of untreated; DDGS - 76 %, 
CGF - 63 %, CF - 80 %, and OPF - 54 %. These results have proved the potential of these 
materials for value-added products production. Corn-ethanol dry and wet milling processes 
could be benefited by using DDGS, CGF, and CF as a supplementary to the raw material 
(glucose from cornstarch). It will potentially contribute to added glucose for the fermentation 
process at nearly no cost and transportation requirement. Other than that, it could also be 
suitable feedstocks for other fermentation processes such as biochemical production. 
Similarly, oil palm plantation owner would be benefited through added income by selling the 
OPF and at the same time will contribute to better waste management in the plantation area. 
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Numbers in horizontal axis represent the MC of biomass; i.e., DDGS 30 = DDGS with 30 % MC db. 
Figure 4.1 Glucan content (wt. %) in the biomass after LMAA pretreatment. Error bars 




In the legend, the first numbers indicate the MC (%db.), the numbers in the parentheses indicate the 
incubation time. Hanes-Woolf linear regressions used to estimate the digestibilites over time were 
30(24): Y=0.0131x+0.0065;  
30(72): Y=0.013x+0.0138;  
50(24): Y=0.0142x+0.0106;  
50(72): Y=0.0148x+0.0071;  
30(UT): Y=0.0173x+0.0529;  
50(UT): Y=0.0193x+0.0131.  
UT indicates untreated DDGS. 
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In the legend, the first numbers indicate the MC (%db.), the numbers in the parentheses indicate the 
incubation time. Hanes-Woolf linear regressions used to estimate the digestibilites over time were 
30(24): Y=0.0157x+0.0248;  
30(72): Y=0.0164x+0.0372;  
50(24): Y=0.0171x+0.007;  
50(72): Y=0.0158x+0.051;  
30(UT): Y=0.0218x+0.0144;  
50(UT): Y=0.0218x+0.0144. 
UT indicates untreated CGF. 
Figure 4.3 Enzymatic digestibility curves for treated CGF.  
 
 
In the legend, the first numbers indicate the MC (%db.), the numbers in the parentheses indicate the 
incubation time. Hanes-Woolf linear regressions used to estimate the digestibilites over time were 
30(24): Y=0.0115x+0.1147;  
30(72): Y=0.0128x+0.055;  
50(24): Y=0.0145x+0.0328;  
50(72): Y=0.0142x+0.0659;  
30(UT): Y=0.0609x+0.2771;  
50(UT): Y=0.0647x+0.2278.  
UT indicates untreated CF. 
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In the legend, the first numbers indicate the MC (%db.), the numbers in the parentheses indicate the 
incubation time. Hanes-Woolf linear regressions used to estimate the digestibilites over time were 
30(24): Y=0.0262x+0.2085;  
30(72): Y=0.0212x+0.0752;  
50(24): Y=0.0183x+0.0199;  
50(72): Y=0.0214x+0.038;  
30(UT): Y=0.0798x+0.7621;  
50(UT): Y=0.0964x+0.0235.  
UT indicates untreated OPF. 
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Table 4.1 Compositions of untreated biomass used in the study. 
Biomass 
Compositions (%) 
α-cellulose Hemicellulose AIL ASL Ash 
DDGS 15.33±1.03 39.33±3.14 9.91±2.36 1.19±0.05 8.00±0.00 
CGF 26.67±1.03 22.00±0.89 15.56±1.72 2.36±0.19 8.27±0.00 
CF 22.67±4.13 41.00±4.98 7.78±0.86 3.17±0.26 2.33±0.00 
OPF 49.33±6.77 17.67±4.41 25.60±0.54 0.33±0.01 5.50±0.00 
Values are mean of triplicate analysis with ± standard deviation. AIL – acid insoluble 
lignin; ASL – acid soluble lignin. 
 
Table 4.2 P-values of individual and interaction effects after LMAA pretreatment*. 
DDGS 
Factor α-cellulose Hemicellulose AIL ASL 
MC  0.1116 0.2780 0.9599 0.7453 
Time 0.0086 <0.0001 0.0264 <0.0001 
MC*Time 0.4217 0.7255 0.8573 0.2644 
CGF 
Factor α-cellulose Hemicellulose AIL ASL 
MC  0.0191 0.1408 0.3538 0.2313 
Time 0.0024 <0.0001 0.0001 <0.0001 
MC*Time 0.2027 0.4915 0.7657 0.6271 
CF 
Factor α-cellulose Hemicellulose AIL ASL 
MC  0.0482 0.0005 0.5725 0.0013 
Time <0.0001 <0.0001 0.0537 0.0570 
MC*Time 0.3324 0.0158 0.7202 0.0358 
OPF 
Factor α-cellulose Hemicellulose AIL ASL 
MC  0.2244 0.6510 0.0864 0.0001 
Time 0.0338 0.0300 <0.0001 <0.0001 
MC*Time 0.6679 0.8740 0.4162 <0.0001 
*Ho = the mean values of compositions from all factors are not significantly different at α= 
0.05. MC – moisture content; Time – incubation time; AIL – acid insoluble lignin; ASL – 




Table 4.3 Main effects of factors on biomass compositions after LMAA pretreatment. 
Values are mean of triplicate analysis with ± standard deviation, and levels not connected 
by the same letter are significantly different at α=0.05. MC – moisture content; Time – 













UT 15.33±1.03b 39.33±3.14a 9.91±2.36a 1.19±0.05c 
24 25.33±4.13a 5.67±4.14b 5.79±3.44ab 1.91±0.08b 
72 22.33±7.42ab 9.00±6.49b 4.34±2.69b 2.09±0.08a 
MC 
(% db.) 
30 22.89±6.48a 16.67±17.36a 6.72±3.66a 1.72±0.42a 













UT 26.67±1.03a 22.00±0.89a 15.56±1.72a 2.36±0.19c 
24 20.00±3.79b 4.42±2.89b 6.91±1.88b 3.06±0.14b 
72 20.67±4.50b 3.42±2.63b 7.32±3.34b 3.55±0.34a 
MC 
(% db.) 
30 20.67±4.80b 10.78±8.55a 10.51±4.54a 3.06±0.60a 













UT 22.67±4.13b 41.00±4.98a 7.78±0.86a 3.17±0.26a 
24 35.00±3.74a 24.33±7.78b 4.99±2.23a 3.41±0.36a 
72 36.33±5.13a 17.25±11.68b 4.99±2.23a 3.44±0.29a 
MC 
(% db.) 
30 29.33±6.40b 32.94±7.84a 5.64±2.23a 3.53±0.31a 













UT 49.33±6.77b 17.67±4.41a 25.60±0.54a 0.33±0.01c 
24 56.00±2.83ab 12.58±4.59ab 12.10±3.69b 0.55±0.03b 
72 57.00±3.52a 8.17±5.53b 11.48±3.82b 0.62±0.13a 
MC 
(% db.) 
30 52.67±4.90a 12.22±6.80a 17.65±6.31a 0.54±0.18a 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.5 Biomass compositions after LMAA pretreatment and comparison with other 
published pretreatment processes. 
DDGS 
Components (wt. %) LMAA* LMAA [1] AFEX [2] 
Cellulose 27.33 25.40a nd 
Hemicellulose  3.83 8.76b 66.19c 
AIL  5.34 13.34 nm 
Ash  9.33 3.97 7.06 
Other 57.73 48.53 26.75 
CF 
Components (wt. %) LMAA** NaOH [3] NaOH + H2O2 
[3] Extrusion[4] 
Cellulose  38.00 46.07 59.89 25.13 
Hemicellulose  17.67 31.00 19.71 31.84 
AIL 5.83 3.53 3.11 7.40 
Ash  3.33 3.60 2.51 2.30 
Other 35.17 15.80 14.78 33.33 
OPF 
Components (wt. %) LMAA** SAA[5] DA[6] Autohydrolysis[7] 
Cellulose  58.00 44.69a 46.5 48.69 
Hemicellulose  12.83 12.12b 20.28 6.73 
AIL 10.52 19.30 11.41 22.45 
Ash  5.80 nm 9.28 nm 
Other 12.85 23.89 12.53 22.13 
Values from published works were adjusted according to the initial compositions of materials used 
in this study except for [1]. AIL – acid insoluble lignin; *LMAA – low moisture anhydrous 
ammonia (30 % MC, 24 h incubation); AFEX – ammonia fiber expansion; **LMAA – low 
moisture anhydrous ammonia (50 % MC, 24 h incubation). NaOH – soaking in sodium hydroxide; 
NaOH + H2O2 – soaking in sodium hydroxide and hydrogen peroxide; SAA – soaking in aqueous 
ammonia; DA – dilute acid pretreatment; Autohydrolysis – heated in autoclave. 
[1] Zhang (2013). LMAA (60 % MC, 80 °C, 0.1 g NH3/g biomass, 168 h pretreatment); a – 
assumed equivalent to glucan; b – assumed equivalent to xylan. 
[2] Bals et al. (2006). AFEX (60 % MC, 80 °C, 0.6 g NH3/g biomass); c – calculated according to 
xylan; nd – not detected; nm – not measured. 
[3] Gáspár et al. (2005). NaOH/NaOH+H2O2 (2.5 % NaOH, 0.6 % H2O2, 120 °C, 120 min). 
[4] Myat & Ryu (2014). Extrusion (300 rpm screw speed, 30 % MC, 140 °C, 3 mm die diameter, 
100 g/min feed rate). 
[5] Jung et al. (2012). SAA (7 % NH3, 80 °C, 20 h); a – calculated according to glucan; b – 
calculated according to xylan; nm – not measured. 
[6] Siti Sabrina et al. (2013). DA (0.01 M H2SO4, 60 °C, 12 h). 




Table 4.6 P-values of main and interaction effects on enzymatic digestibilities of the LMAA 
treated-biomass. 
Factor DDGS CGF CF OPF 
Incubation time 0.6008 0.4266 0.8222 0.6706 
MC  0.0531 0.7653 0.4389 0.0146 
Digestion time 0.2434 0.4511 0.0035 0.2341 
MC* Incubation time 0.9443 0.9092 0.4937 0.0376 
MC*Digestion time 0.9265 0.8310 0.0665 0.7046 
Incubation time*Digestion time 0.8517 0.8503 0.2875 0.9937 
MC* Incubation time*Digestion time 0.7378 0.4745 0.2547 0.8889 
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Abstract 
Butanol production from lignocellulosic biomass has been of interest due to the 
attractive properties of butanol as a fuel as well as its ability in environmental preservation. 
Biological pathway for butanol production, acetone-butanol-ethanol (ABE) fermentation, is 
currently a subject of development efforts from various processing aspects. One crucial stage 
is the pretreatment process, which has considerably affect the production cost of butanol. 
There are some concerns regarding the overall effectiveness of the process, including the 
high total energy and liquid requirement, and the production of inhibitor compounds from the 
pretreatment process. Low moisture anhydrous ammonia (LMAA) pretreatment, which 
requires less water, work at atmospheric conditions, and gives milder pretreatment intensity, 
was developed to solve these problems. In this study, the techno-economic analysis (TEA) of 
butanol production from oil palm fronds (OPF) was conducted. The system employed 
LMAA pretreatment, followed by ABE fermentation and downstream processing. The lowest 
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butanol production cost was $ 2.05/L, which was recorded from 95.34 × 106 L butanol/y 
plant capacity. Detail analysis of each cost component revealed that operating cost 
contributing nearly 62 % of the production cost with 33 % and 25 % contribution from utility 
and materials costs respectively. Optimization of process parameters estimated the potential 
of production cost reduction to lower than $ 1.63/L by increasing the enzyme hydrolysis rate. 
The study aimed to provide data towards utilization effort of OPF, especially for butanol 
production.    
Keywords: ABE fermentation, Cellulosic butanol, Techno-economic analysis, LMAA 
pretreatment, Oil palm frond. 
Introduction 
Butanol possesses attractive properties as a fuel alternative, including similarity to 
gasoline, less corrosive, and higher energy content than ethanol. Until now, butanol is 
chemically synthesized from fossil-based feedstocks to fulfill its demand as the intermediate 
compound in chemical manufacturing (Kurkijärvi, Melin, & Lehtonen, 2016). Biological 
pathway to produce butanol, which is acetone-butanol-ethanol (ABE) fermentation received 
increasing attention as a way to produce butanol from renewable feedstocks primarily to 
fulfill butanol demand for fuel.  
In the U.S., although development in butanol production for fuel is relatively slow, 
Environmental Protection Agency (EPA) has recently (June 2018) increased the approved 
butanol blend for use in a standard vehicle, from 12.5 % blend to 16 % blend, indicating the 
increasing acceptance and availability of butanol. Development of butanol in the U.S. has 
been slow primarily because low productivity of the process but also because corn ethanol 
has dominated the industry. In this case, additional investment into corn- or cellulosic-
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butanol will require more promising production approaches to be introduced to get better 
yields, as well as lower production cost before it can proceed to commercialization. In other 
countries without any established ethanol facility, with readily available technology and 
knowledge, there is a high potential in biobutanol industry through the development of a new 
production plant rather than retrofitting the existing ethanol plant.  
There are increasing works on butanol production from second-generation feedstocks, 
which also aimed to increase the value of materials as well as to reduce waste. In Malaysia, 
the high capacity of oil palm (Elaeis guineensis) plantation generates a substantial amount of 
lignocellulosic waste including the trunk, frond, and empty fruit bunch (Lee & Ofori-
Boateng, 2013), which currently have no commercial value. This work focused on the 
assessment of oil palm frond (OPF), which contains a high amount of lignin, cellulose, and 
hemicellulose for its potential in butanol production.  
Most of the challenges in OPF utilization lies in the efficiencies of the pretreatment 
process, which required to break the lignin structure; therefore, enabling more cellulose 
reaction with the enzyme in the hydrolysis process. Most conventional pretreatment methods 
suffered from the requirement of intense energy as well as the high amount of water and 
chemicals with a high rate of inhibitor compounds production. Ammonia-based 
pretreatments are of interest in this work because it provides the delignification effect, 
swelling effect, preservation effect, and antimicrobial effect, which provided at mild working 
conditions with less formation of inhibitor compounds (Yoo et al., 2011). Low moisture 
anhydrous ammonia (LMAA) pretreatment has notable improvements in comparison to other 
ammonia-based pretreatments such as ammonia fiber explosion (AFEX), ammonia recycles 
percolation (ARP), and soaking in aqueous ammonia (SAA). It is explicitly due to the 
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reduction of the liquid requirement through the lower moisture content of raw materials used, 
the use of gaseous state pretreatment agent, and elimination of washing step prior 
fermentation process.  
Previous works on LMAA pretreatment of lignocellulosic biomass showed its 
potential that is comparable to other pretreatment processes, therefore possess a potential for 
commercialization (Cheng & Rosentrater, 2016; Yang & Rosentrater, 2015, 2017; Yoo et al., 
2011; Zhang, 2013). Currently, there is lack of techno-economic analysis (TEA) study on 
LMAA pretreatment that could determine the performance and feasibility of the process. Yoo 
et al. (2011) previously anticipated that LMAA pretreatment would render a reduction of 
water and ammonia used, which will later benefit the total cost of biofuel production. Yang 
and Rosentrater (2015) conducted a TEA of LMAA pretreatment for corn stover-based 
ethanol production. The study which comprehensively analyzed each production sections for 
three different plant scales concluded that the ethanol selling price was expected to decrease 
with the larger scale of the production plant. 
To date, there is no fundamental economic evaluation data available related to 
butanol production from OPF. Such information is especially beneficial to a country like 
Malaysia, where OPF is produced abundantly throughout the year. It is also essential for the 
further development of this biomass. Therefore, in this study, TEA was conducted with the 
aim to estimate the production cost of butanol from OPF. The specific technologies 
investigated were LMAA pretreatment with further ABE fermentation and in-situ stripping-
distillation downstream processing. Different plant scales were modeled to determine the 
economies of scale effect on the production cost of butanol. 
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Materials and Methods 
Software Tools 
The butanol production plant simulation and cost modeling analyses were conducted 
using SuperPro Designer V.9.0 (Intelligen, Inc., Scotch Plains, NJ, USA).  
Techno-economic Analysis (TEA) 
The economic evaluation of butanol production from OPF was conducted based on 
different plant scales in the range of 0.91 – 181.93 × 106 L butanol/y. The plant scales were 
chosen to represent small-scale to the large-scale manufacturing plant for economies of scale 
analysis.  
Statement of goal and scope 
Figure 5.1 illustrates the simplified process flow of butanol production from oil palm 
frond (OPF), while Figure 5.2 shows how the simulated plants were set-up in the SuperPro 
Designer. The scope of the study was gate-to-gate employing LMAA pretreatment, 
enzymatic hydrolysis, ABE fermentation, and downstream processing as a system boundary. 
All analyses were done based on a functional unit of 1 L butanol. The objectives of this study 
were as below: 
i. To determine the economic viability of butanol production from OPF. 
ii. To establish baseline data for TEA of LMAA pretreatment. 
iii. To identify the unit operation, which substantially driving the production cost, and 
suggests possible improvements. 
LMAA pretreatment 
The analysis started from the point of OPF arrival at the production facility. The OPF 
arrived at the facility was assumed has been pre-milled and cleaned. Such assumption applied 
to reduce the extensive milling requirement that must be incurred by the processing plant due 
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to the morphology of OPF. Only rough milling by hammer mill was conducted before the 
ammoniation process. The milled OPF was adjusted to have 50 % moisture content (db.) by 
mixing with water. The ammoniation was done through the introduction of 0.18 g NH3/g 
OPF into the reactor for 1 h. After that, the ammoniated OPF was incubated at 75 ºC for 24 h. 
All selected process parameters were from previous works and validated in the laboratory 
(Cheng & Rosentrater, 2016; Yang & Rosentrater, 2017). A 90 % recycle NH3 was achieved 
through a compressor unit installed at each of the ammoniation and incubation tank. The 
pretreated OPF then proceed to the hydrolysis process.  
Enzyme hydrolysis and ABE fermentation 
The ABE fermentation was conducted using Clostridium beijerinckii following Ezeji 
& Blaschek (2008). Before that, the treated OPF was hydrolyzed using cellulase enzyme 
according to Triwahyuni, Hariyanti, Dahnum, Nurdin, & Abimanyu (2015). Validation in the 
laboratory showed that glucose yield after the hydrolysis process was approximately 0.33 g/g 
pretreated OPF. The hydrolysate mixture was separated from the solid fibers residue to ease 
the further in-situ stripping process. Full recovery of sugars was obtained by cake washing 
with 3.0 v/v (water/cake) during the filtration process.  
The separated fibers-free solution was brought to the closed fermenter, where the 
required nutrients and microorganisms were added. Growth nutrients supplied to the 
fermenter were yeast extract, potassium salts, and diammonium phosphate (Ezeji & 
Blaschek, 2008; Tao et al., 2014). No water was added to the fermenter because the cake 
washing during the filtration process has provided enough water for the reaction. The glucose 
concentration in the fermenter was 60 g/L. The fermentation occurred at 35 °C for 72 h 
(Qureshi et al., 2008). Products yields were according to the stoichiometric equations (5.1) – 
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(5.5) (Tao et al., 2014). Xylose conversion into products was not considered in the 
simulation. 
 
Acetone: C6H12O6 + H2O → CH3COCH3 + 3CO2 + 4H2                                            Eq. (5.1) 
Butanol: C6H12O6 → C4H9OH + 2CO2 + H2O                                                             Eq. (5.2) 
Ethanol: C6H12O6 → 2C2H5OH + 2CO2                                                                       Eq. (5.3) 
Acetic acid: C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2                                     Eq. (5.4) 
Butyric acid: C6H12O6→ C3H7COOH + 2CO2 + 2H2                                                  Eq. (5.5) 
 
Downstream processing of products 
Throughout the fermentation, the fermented mixture was processed using in-situ 
stripping process. In-situ stripping involves the use of fermentation gases to separate 
products from the fermentation broth. With an in-situ stripping process, no product inhibition 
was assumed to occur, thus allows maximum reactions where all acetic acid and butyric acid 
were converted to solvents. The retired fermentation broth contains unstripped products was 
undergone beer distillation according to (Sánchez-Ramírez, Quiroz-Ramírez, Segovia-
Hernández, Hernández, & Bonilla-Petriciolet, 2015) for recovery of the remaining products. 
The mixture of products was then processed in a series of distillation columns to separate and 
purify acetone, ethanol, and butanol (Baral & Shah, 2016). The density of each butanol, 
acetone, and ethanol was 810 kg/m3, 783 kg/m3, and 789 kg/m3 respectively (Wu, Wang, Liu, 
& Huo, 2008). 
Combined heat and power (CHP) generation system 
The remaining lignin and other fibers residue (undigested cellulose and 
hemicellulose) separated from the fermentable sugar after enzyme hydrolysis, were dried to 
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approximately 10 % moisture content before fed to the boiler unit as a fuel for steam and 
electricity generation. Actual Rankine Cycle consisting of a boiler unit and multistage steam 
turbine was used and simulated using SuperPro Designer built-in expansion model. The 
generator was assumed to be 90 % efficient. The compositions of the waste fibers were lignin 
(~18 %), undigested cellulose (~58 %) and hemicellulose (~11 %), and the rest were 
moisture and ash. The elemental compositions for lignin, cellulose, and hemicellulose used in 
the simulation were shown in Table 5.1.  
Air and water at a pressure of 1 bar and 11 bar respectively, at atmospheric 
temperature, were entered the boiler at a rate calculated by the software. The generated high-
pressure, high-temperature steam (45 bar, 257.44 °C) was expanded in a multistage steam 
turbine to produce electricity as well as steam with specific pressures. The steam generated 
was to fulfill the heating requirement of processes in the production plant. Two CHP systems 
were simulated, CHP 1 – only biomass residues used as fuel, and CHP 2 – fuels used were 
biomass residues and natural gas, which then compared to the scenario without energy 
generation system. In CHP 1, additional heating and electricity required were outsourced. 
Sensitivity Analysis 
So far, simulations conducted were using a set of parameters obtained from 
laboratory works, which may not be as effective as other findings. Sensitivity analysis was 
aimed to estimate the further potential of the simulated biobutanol production plant by 
applying possible increase or decrease in the performance of process parameters selected. 
Enzymatic hydrolysis percentage used in the simulation was 53 %. Literatures had recorded a 
large variety of the OPF digestion percentages (sugar percentages) upon enzyme hydrolysis 
(Sabiha-Hanim et al., 2011; Jung et al., 2012; Kumneadklang, Larpkiattaworn, Niyasom, & 
O-Thong, 2015; Ofori-Boateng & Lee, 2014; Triwahyuni et al., 2015). This analysis 
93 
observed the differences in production costs when the enzyme digestions yields were at 63 % 
(optimistic scenario), 53 % (baseline), and 45 % (pessimistic scenario). Similarly, the 
analysis also conducted using different LMAA pretreatment yield (5 % increase (optimistic 
scenario), baseline, 5 % decrease (pessimistic scenario)).  
In corn stover-butanol production, the cost of the feedstock was typically at ~$ 60/t 
(Baral & Shah, 2016; Tao et al., 2014). Therefore, the effect of feedstock price on the 
production costs was also investigated involving parameters of $ 20/t (optimistic scenario), $ 
32/t (baseline), and $ 60/t (pessimistic scenario) to see the performance of the simulated plant 
at different feedstock costs. The analysis also investigated different energy generation 
systems (CHP 2 (optimistic scenario), CHP 1 (baseline), and electricity generation only 
(pessimistic scenario)). Based on the region where the plant was assumed to be built, the 
variation in labor cost could be substantial. For instances, the labor cost in the U.S. is higher 
than in Malaysia. Therefore, sensitivity analysis also conducted at $ 2/h (optimistic scenario), 
$ 2.3/h (baseline), $ 16/h (pessimistic scenario) labor cost. Other parameters subjected to this 
study were ammonia price ($ 0.15/kg (optimistic scenario), $ 0.2/kg (baseline), $ 0.33/kg 
(pessimistic scenario)) and nitrogen source for fermentation (corn-steep liquor, yeast extract 
(baseline), palm oil mill effluent).    
Assumptions and Limitations of the Study 
The TEA was conducted with the assumption that the plant was built in Malaysia 
(location factor, LF = 1.14) (Richardson, 2008). Capital expenditures (CapEx), operating 
expenditures (OpEx), and production cost per unit biobutanol was calculated based on 
assumptions in Table 5.2. Based on the level of detail of the model, small equipment 
including pump, valves, conveyor, and other, that not considered explicitly were assumed 15 
% and 25 % from the equipment purchased cost for upstream and downstream processing 
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stage respectively (Heinzle, Biwer, & Cooney, 2006). Professional and management labor 
cost were not included in the assessment. No heat loss, leakage, or any accidents were 
assumed to happen throughout the processing year. The C. beijerinckii was cultivated and 
maintained in the plant facility. Thus, its purchase cost was not included. Nutrients costs 
were assumed at $ 200/t each. Wastewater treatment cost, which might also involve the 
neutralization process, was assumed at $ 0.53/m3 (Heinzle et al., 2006). By-product credit 
prices of $ 1.04/kg ethanol and $ 1.28/kg acetone were applied (Haigh et al., 2018). Table 5.3 
summarized other assumptions used in the study. Costs for OPF and utilities were with 
reference to the prices in Malaysia, considering an exchange rate of $ 1.00 = MYR 4.10 
(January 2018). 
Results and Discussions 
Economies of Scale Effect  
 The unit production cost of the butanol was decreased as the plant scale increased 
from 0.91 – 95.34 × 106 L butanol/y (Figure 5.3). Diseconomies of scale effect were 
observed at the plant scale larger than 95.34 × 106 L butanol/y, in which further increased in 
plant size resulted in no reduction of production cost. Both capital expenditures (CapEx) and 
operating expenditures (OpEx) per liter butanol recorded in this plant scale were the lowest, 
which led to the lowest butanol production cost among the others (Figure 5.4). The power-
law exponent recorded was smaller than one, in line and of the same pattern with previous 
economies of scale studies on biorefineries (Crawford et al., 2016; Yang & Rosentrater, 
2015). 
Similarly, both CapEx and OpEx per liter butanol were decreased as the plant scales 
increased, but no further reduction in both expenditures was recorded when the plant scale 
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further increased from 95.34 – 181.93 × 106 L butanol/y. In general, CapEx only contributed 
a little more than one-third of the biobutanol production cost. Plant scale of 95.34 × 106 L 
butanol/y recorded the lowest butanol production cost ($ 2.05/L). The value was higher than 
those recorded by Baral & Shah (2016), who used corn stover as the feedstock; $ 1.50/L from 
113.4 × 106 L butanol/y plant scale. Even the larger plant scale simulated in this study was 
not producing a low production cost as recorded by them.  
Several reasons have led to the obtained results, including the type of raw material 
used, the exclusion of xylose conversion in this study, as well as different process and 
evaluation assumptions applied. Yang & Rosentrater (2015) conducted a TEA of LMAA 
pretreatment of corn stover for bioethanol production (in the U.S.) and recorded the lowest 
ethanol production cost of $ 1.02/L from plant scale of 189.30 × 106 L butanol/y. The 
exclusion of some cost components (such as labor cost), simulation at larger plant scale, the 
feedstock used, and different tools used for simulation might be the reason for considerable 
differences of their results as compared to this study and those by Baral & Shah (2016). For 
the rest of the analysis, plant scale of 95.34 × 106 L butanol/y was used due to the lowest 
butanol production cost recorded.  
Capital and Operating Expenditures 
The distribution of the butanol production cost (95.34 × 106 L butanol/y plant scale) 
in Figure 5.5 has shown that majority of the production cost was coming from fermentation 
stage (~$ 0.55/L), followed by products separation stage (~$ 0.46/L). Substantial cost 
fraction also recorded from fixed cost and other, with the values of ~$ 0.54/L and ~$ 0.50/L, 
respectively. The fixed cost involved the expenses from tax, insurance, overhead, and 
depreciation, while other involved the expenses from feedstocks, water, labor, and 
maintenance. LMAA pretreatment section accounted for ~$ 0.12/L, or ~$ 0.27/L when 
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combined with hydrolysis section. A study by da Silva, Torres Ortega, & Rong (2016) said 
that pretreatment cost is one of the factors that could drive the production cost. Of the most 
cost-effective process, they recorded a pretreatment cost of about 40 % of the total 
production cost. The case was different from this study, with pretreatment and hydrolysis 
costs accounted only ~11 % of the production cost, suggesting the potential of LMAA 
pretreatment in the reduction of production cost in biorefineries.  
Figure 5.6 shows the capital and utility costs fraction from total CapEx and OpEx of 
the simulated plant. In line with the results in Figure 5.5, the fermentation stage has 
contributed to the highest capital cost. Enzyme hydrolysis section recorded a similar pattern 
with a large fraction of capital cost compared to utility cost. In contrast, the products 
separation stage required among the least capital cost but needed the highest utility cost. 
Energy utilization trend (Figure 5.7) was of a similar pattern to those of utility cost (Figure 
5.6). Products separation stage utilized the highest energy (12.97 MJ/L) followed by the 
products purification stage (5.53 MJ/L). The total of these processes made the downstream 
processing section utilized in total 18.5 MJ/L of energy. Energy utilization by the LMAA 
pretreatment section was higher than those of enzyme hydrolysis, in agreement to results 
shown in Figure 5.6. In the LMAA pretreatment section, OPF milling process was essential 
to increase the surface area for reaction. This process was energy-intensive; thus, resulted in 
the obtained value for energy utilization. Principal unit-operations used in each stage of the 
simulation were illustrated in Figure 5.2.  
The results showed that annual OpEx of the plant was more than two times of the 
CapEx (Figure 5.8). Total expenditures from OpEx and CapEx could not be compensated by 
the income obtained from the butanol selling revenue and by-product credit, resulted in a 
97 
negative profit of the simulated plant. The butanol selling price of $ 1.73/L was used to 
calculate the selling revenue (Haigh et al., 2018). There are several things could be done that 
might resulting in a positive profit, which includes selling butanol and by-products at a 
higher price, improvement in the processing stages (such as getting a higher yield of 
pretreatment and hydrolysis), or subsidies from the government.  
Most substantial contribution of OpEx was from utility costs, followed by materials 
costs and taxes (Figure 5.9). Other OpEx components were relatively small. Figure 5.10 
presented the breakdown of utility costs, with the highest was from the steam cost. By 
applying CHP for burning the fibers residue (CHP 1), ~44 % reduction of the steam cost was 
recorded. By supplementing natural gas in the CHP system as fuel along with the fibers 
residue (CHP 2), a considerable reduction in total utility costs was observed. Although steam 
cost was higher due to the cost incurred for purchasing the natural gas, the system was also 
generated a substantial amount of electricity, which further reduced the total utility costs of 
the plant. Detail expenses incurred by different electricity generation systems were explained 
in the sensitivity analysis section.  
The distribution of materials costs components (Figure 5.11) showed that oil palm 
frond purchasing cost was the major contributor followed by ammonia and nutrients costs 
which accounts for 71 %, 17 %, and 9 % from the total materials costs respectively. Previous 
work on butanol production from corn stover had obtained a similar trend of materials costs, 
where the costs of the feedstocks were in multiple degrees larger than nutrients costs (Baral 
& Shah, 2016; Tao et al., 2014). In their study, higher feedstocks cost (corn stover - $ 60/t) 
than this study (OPF - $ 32/t) was applied. Despite the low feedstocks price used in this 
evaluation, it was double the actual market price for unprocessed OPF. This cost reflects the 
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extensive work by farmers or OPF traders for preparation of the OPF (drying and pre-milling 
process). It was assumed to be the case in the designed biobutanol plant to reduce 
pretreatment cost, which theoretically will be energy-intensive for OPF due to the 
requirement of extensive milling step. Nevertheless, this has not recorded a different trend of 
results.  
In this simulation, for production of 95.34 × 106 L butanol/y, 1.1 × 106 t of OPF was 
required annually. With the yield of 95.34 × 106 L butanol/y, approximately 42 × 106 L/y of 
acetone and 12 × 106 L/y of ethanol were also produced. Xylose conversion was not 
considered in the ABE fermentation due to lack of data. Products yields were expected to be 
higher when xylose obtained from hemicellulose hydrolysis is considered in addition to 
glucose obtained from α-cellulose. Therefore, it would likely give a substantial reduction in 
production cost. The economic impact of using OPF at the assumed price, on the production 
cost was estimated to be ~$ 0.36/L butanol. Other materials, were not considerably 
contributed to total materials costs of the simulated biobutanol production plant.  
Sensitivity Analysis 
Enzyme hydrolysis yield was the most sensitive input parameters with ~20 % butanol 
production cost reduction to $ 1.63/L at 63 % enzyme digestion (Figure 5.12). A decreased in 
enzyme digestion to 43 % resulted in a ~23 % increase in production cost. Increase and 
decrease in LMAA pretreatment yield were less sensitive to the production cost, with ~1.5 % 
reduction of production cost at 5 % increase in pretreatment yield, and ~8 % increase of 
production cost at 5 % decrease in pretreatment yield. By applying CHP 2 in the production 
system, ~10 % butanol production cost reduction was recorded, which indicated that extra 
spending in natural gas purchasing was lower than the total expenses for outsourcing the 
steam and electricity. As expected, the production cost will be increased if only electricity 
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generation system is employed in the plant because outsourcing steam cost is the primary 
component of utility costs. Lower feedstock price of $ 20/t resulted in a ~6 % decrease in 
production cost, while ~14 % production cost increase was observed when the feedstock 
price increased to $ 60/t. Different in labor cost, ammonia price, and nitrogen source were 
not giving considerable butanol production cost changes from the baseline value, indicating 
that the effort to decrease butanol production cost should not be focused on these parameters. 
 
Conclusions 
TEA results have shown that LMAA pretreatment only contributed to ~5 % of the 
butanol production cost in the simulated plant. The lowest butanol production obtained was $ 
2.05/L, which recorded from plant scale of 95.34 × 106 L butanol/y. Possibilities for 
improvement could be achieved through process parameters optimization, especially in the 
pretreatment and fermentation sections, as supported by the obtained results. Reduction in 
utility costs could be achieved by employing the CHP system, fueled by both fibers residue 
and natural gas to fulfill the energy requirement of the plant. In the current simulation, the 
production plant was generating no profit. Nevertheless, further analysis has shown that by 
optimizing the process parameters in the butanol production plant, the production cost could 
potentially reduce to lower than $ 1.63/L. Following this trend, the profit of the production 
plant was estimated to increase. Further study with inclusion of xylose conversion is also 
required, which could positively reduce the butanol production cost. In a developing country 
like Malaysia, with no current production of butanol for fuel, this study could provide some 
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LMAA – low-moisture anhydrous ammonia; OPF- oil palm frond; ABE – acetone-butanol-ethanol; CHP – 
combined heat and power. 
Figure 5.1 Overall process flow of butanol production from OPF employing LMAA 









































































































































CapEx – capital expenditures; OpEx – operating expenditures. 











































Plant capacity ( × 106 L butanol/y)
4.87
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ABE – acetone-butanol-ethanol; PS – products separation; PP – products purification; CHP – 
combined heat and power; UE – unlisted equipment. 
Figure 5.5 Distribution of production cost from each processing stage (95.34 × 106 L 
butanol/y plant scale). 
 
 
CapEx – capital expenditures; OpEx – operating expenditures; CC – capital cost; UC – utility costs; 
ABE – acetone-butanol-ethanol; PS – products separation; PP – products purification; CHP – combined 
heat and power; UE – unlisted equipment. 
Figure 5.6 Capital and utility costs fraction of each processing stage from total CapEX and 




PS PP CHP UE
General
load
UC 0.64 2.53 1.62 74.30 7.56 8.41 1.23 3.70











































ABE – acetone-butanol-ethanol; PS – products separation; PP – products purification; CHP – 
combined heat and power; UE – unlisted equipment 
Figure 5.7 Energy requirement of the simulated 95.34 × 106 L butanol/y production plant. 
 
 



































































CHP 1 – biomass fired; CHP 2 – biomass and natural gas fired. 


























































Enzymatic hydrolysis yield (63 %, 53 % (baseline), 43 %); energy generation (CHP 2, CHP 1 (baseline), 
electric gen. only); feedstocks price ($ 20/t, $ 32/t (baseline), $ 60/t); LMAA pretreatment yield (5 % 
increase, baseline, 5 % decrease); basic labor cost ($ 2/h, $ 2.3/h (baseline), $ 16/h); ammonia price ($ 
0.15/kg, $ 0.2/kg (baseline), $ 0.33/kg); nitrogen source (corn steep liquor, yeast extract (baseline), palm oil 
mill effluent). 















































Unit production cost ($/L)
Baseline 
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Carbon 58.45 44.40 45.50 75.85 
Hydrogen 6.80 6.20 6.10 24.15 
Nitrogen 1.12 - - - 
Oxygen 33.63 49.40 48.40 - 
[1] Hussin et al. (2018); [2] Demirbaş (2005); [3] Morvay & Gvozdenac (2008) 
 
Table 5.2 Assumptions for TEA (Brown & Brown, 2014). 
Capital Cost 
Installation 39 % × Ep 
Instrument & control 26 % × Ep 
Piping 10 % × Ep 
Electrical system 31 % × Ep 
Building 29 % × Ep 
Yard improvement 12 % × Ep 
Service 55 % × Ep 
Total installed equipment cost (TIEC) 
Engineering  32 % × Ep 
Construction 34 % × Ep 
Legal & contractors’ fees 23 % × Ep 
Total indirect cost (TIC) 
Contingency 10 % × (TIEC + TIC) 
Fixed capital investment (FCI) (TIEC + TIC + contingency) × LF 
Working capital (WC) 15 % × FCI 
Land 6 % × Ep 
Total project investment (TPI) FCI + WC + Land 
Operating Cost 
Maintenance and repairs 1 % × TPI 
Overhead 50 % × (labor + maintenance) 
Salvage 15 % 
Depreciation (D) Straight line 
Capital charges (CC) TPIi(1+i)n/(1+i)n -1 
Annual operating cost Total direct & indirect operating cost + CC + D 
Unit production cost Annual operating cost/annual product 
Ep = equipment purchased cost; LF = location factor; Total direct operating cost = all 
variable operating cost; Total indirect operating cost = all fixed operating cost; i = annual 
interest rate of the loan; n = loan payment period. 
  
111 
Table 5.3 General assumptions used in the TEA. 
General assumptions 
Annual working hours 7920 
OPF price $ 0.032/kga 
Cellulase price $ 5/kgb 
Ammonia price $ 0.3/kgb 
Electricity price $ 0.08/kWhc 
Water price $ 0.21/m3 d 
Wage rate $ 2.26/he,f 
Insurance rate 0.46 % 
Annual interest rate 0.08 %g 
Tax rate 2 % of capital costh 
Interest year 20 y 
Equipment life time 20 y 
a. Available at: http://www.utusan.com.my/utusan (Accessed on Sept. 08, 2016) 
b. Tao et al. (2014) 
c. Available at: https://www.tnb.com.my/residential/pricing-tariffs (Accessed on March 10, 
2018) 
d. Available at: http://www.span.gov.my/pdf/Water_Tariff_2015.pdf (Accessed on March 
10, 2018) 
e. Available at: http://minimumwages.mohr.gov.my/pdf/PGM20163042016.pdf  
f. Available at: http://jtksm.mohr.gov.my/images/akta_kerajaan/akta_kerja1955_bi.pdf 
g. Available at: http://www.uhy.com/wp-content/uploads/Doing-Business-in-Malaysia.pdf  
(Accessed on March 10, 2018)  
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Abstract 
Among the driving factors for the high production cost of cellulosic butanol lies in the 
pretreatment and products separation sections, which often demand high energy, chemicals, 
and water. In this study, techno-economic analysis of several pretreatments and products 
separation technologies were conducted and compared. Among the pretreatment technologies 
evaluated, LMAA has shown a notable potential with the pretreatment cost of $ 0.16/L 
butanol. Other pretreatment technologies evaluated were autohydrolysis, soaking in aqueous 
ammonia (SAA), and soaking in sodium hydroxide solution (NaOH) with pretreatment costs 
of $ 1.98/L, $ 3.77/L, and $ 0.61/L respectively. Evaluation of different products separation 
technologies for ABE fermentation process have shown that in-situ stripping has the lowest 
separation cost, which was $ 0.21/L. Other products separation technologies tested were dual 
extraction, adsorption, and membrane pervaporation, with the separation costs of $ 0.38/L, $ 
2.25/L, and $ 0.45/L respectively. The evaluations have shown that production of cellulosic 
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butanol using combined LMAA pretreatment and in-situ stripping or with dual extraction 
recorded among the lowest butanol production cost. However, dual extraction model has a 
total solvents productivity of approximately 6 % higher than those of in-situ stripping model. 
Keywords: ABE fermentation, Cellulosic butanol, Techno-economic analysis, LMAA 
pretreatment, In-situ products separation. 
Introduction 
The potential of large-scale cellulosic butanol production is limited by the low 
efficiency of the pretreatment process as well as the extensive downstream processing 
requirement. Studies have revealed both operations as potentially driving the production cost 
of cellulosic butanol (Abdi, Alanazi, Rohani, Mehrani, & Thibault, 2016; Adom et al., 2014; 
Kurkijärvi et al., 2016; Outram, Lalander, Lee, Davis, & Harvey, 2017). Pretreatment is 
essential to reduce the recalcitrant structure of lignocellulosic materials and therefore, results 
in better sugar yield after the enzyme hydrolysis process. Nevertheless, the process often 
requires harsh processing conditions (high temperature and pressure) as well as a high 
amount of chemical and water, which makes it not feasible for commercial application.  
Similarly, downstream processing in biobutanol production also entails considerable 
cost because of low productivity of the fermentation process (acetone-butanol-ethanol (ABE) 
fermentation) due to the toxic and inhibition effect given by the fermentation products to the 
microorganisms used. The known approach, capable of solving this problem is to use in-line 
separation method which reducing the product concentration in the fermentation broth 
through the external loop (also called slipstream) of cell separation and recycling throughout 
the fermentation (Friedl, 2016; Vane, 2008). A more efficient approach is in-situ product 
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separation process, which enables the product to be separated and removed from the 
fermentation system as soon as it is produced, avoiding microorganisms’ inhibition.  
In-line and in-situ products separation methods have successfully increased the ABE 
production from the concentration of <2 wt. % to 46 wt. % (Ezeji, Qureshi, & Blaschek, 
2013). Several potential products separation approaches employing different principles 
including membrane-based, gas-liquid equilibrium, and liquid-liquid equilibrium were 
investigated in this study, which includes integrated fermentation-membrane pervaporation, 
integrated fermentation-adsorption technology, extractive fermentation, and integrated 
fermentation-in-situ gas stripping (Huang et al., 2014). Among the appealing characteristic of 
these approaches is the low energy requirement associated to the process through the 
application of mild reaction conditions compared to the conventional separation method 
(distillation), in which, is a crucial consideration when designing an industrial-scale 
separation process. 
 Various pretreatment and products separation approaches were developed to solve the 
problem. Researchers have been highlighting the issue of the current technologies and 
discussing the potential manipulation that could be conducted in term of design, technical, 
and process parameters to achieve optimum separation from the selected process. For 
example, reducing total liquid requirement in a pretreatment process, controlling bubble size 
in the gas stripping process, searching for novel extractant and design improvement using 
membrane for solvent extraction process, development of stable adsorbent for adsorption 
process, and substitution of sweep gas by low vapor pressure for pervaporation process, as 
well as better preconditioning step prior each technologies mentioned (Abdehagh, Tezel, & 
Thibault, 2014; Ezeji, Qureshi, & Blaschek, 2004; Friedl, 2016; Karimi, Tabatabaei, Horváth, 
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& Kumar, 2015; Oudshoorn, Wielen, & Straathof, 2009; Sánchez-Ramírez, Quiroz-Ramírez, 
Segovia-Hernández, Hernández, & Bonilla-Petriciolet, 2015; Vane, 2008).  
For commercial application, optimum performance must not be attenuated by the 
adverse economic features. Other than capital cost, operating cost that involves mainly the 
energy cost is an important cost factor of a process. Previous work has revealed that 
conducting a separation at a higher temperature would likely increase its rate, however, will 
likely increase the cost of operation and harm the cell for an in-situ separation approach 
(Outram et al., 2017). Other expenditures such as purchasing the extractant, adsorbent, 
solvent, or other required chemical are similarly crucial in choosing a process for a 
commercial application. It is related to the loss that might be incurred, which will result in 
long years for a production plant to breakeven. Hence, techno-economic analysis (TEA) of 
these processes is an essential key factor in determining the best method. 
Between steam explosion, dilute sulfuric acid, ammonia fiber explosion, and 
biological pretreatment, Baral & Shah (2017) concluded that steam explosion and dilute 
sulfuric acid pretreatment require the least cost mainly because of the high productivity of the 
process at low capital and energy requirement. It indicates that other than having a high 
amount of exposed carbohydrate after the pretreatment, the total energy required for the 
process was equally important. Also, a high capital process would only be feasible if the 
yield is high enough to compensate for the cost.  
 Díaz & Tost (2017) has compared the extraction-based product separation method for 
biobutanol production. They found that extractive fermentation had significantly lower 
production cost than those of separate extraction system, primarily due to the extensive 
requirement of high-pressure steam in the external extraction. Nevertheless, to model 
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extractive fermentation is a challenge due to the complexity of the reaction. Therefore, work 
on the separate extraction approach is continued using various novel solvents at varying set-
up and the application of an on-site steam generation system which would likely reduce the 
economic effect of high steam cost. For the adsorption process, Qureshi, Hughes, Maddox, & 
Cotta (2005) concluded that silicalite adsorbent possesses significant attraction over activated 
carbon (AC) adsorbent due to complete desorption of the products. Further study by 
Abdehagh, Tezel, & Thibault (2013) concluded the contrary, with AC adsorbent was better 
than silicalite in term of adsorption rate, adsorption capacity, and selectivity towards butanol. 
Their subsequent study confirmed that AC F-400 could achieve between 80-90 % butanol 
desorption (Abdehagh, Gurnani, Tezel, & Thibault, 2015).  
Recent studies on pervaporation-based products separation suggested that this process 
potentially give a better result by the development of closed reactor-pervaporation membrane 
coupled system, which enabling continuous in-situ fermentation and products separation 
(Chen et al., 2013; Van Hecke et al., 2012, 2013). Polydimethylsiloxane (PDMS) membrane 
is of interest for the purpose primarily due to its stability and low price. Works on separate 
pervaporation showed that silicalite and silicone membranes, which were more readily 
available, could give promising yield (Negishi, Sakaki, & Ikegami, 2010; Qureshi & 
Blaschek, 1999). Another interesting approach in products separation from the fermenter is 
the in-situ stripping process (de Vrije, Budde, van der Wal, Claassen, & López-Contreras, 
2013; Ezeji et al., 2013; Xue et al., 2013). Among benefits provided by this method were the 
indirect agitation effect given by the sparged stripping gas that reduced impeller works, the 
use of non-toxic separation medium, and relatively simple equipment set-up. 
117 
Several available works were comparing the energy performance of products 
separation process (Abdi et al., 2016; Huang et al., 2014; Oudshoorn et al., 2009; Outram et 
al., 2017; Vane, 2008). However, researchers have agreed that direct comparison among the 
available literature is hard due to the various operating conditions and system assumptions 
used (Díaz & Tost, 2017). Despite that, there are lacks study related to the overall economic 
impact on specific technologies applied in the biobutanol production plant. For instance, it is 
not necessarily that the process with the lowest energy consumption will have the lowest 
production cost if the consumables (extractant, adsorbent, and membrane) are expensive. 
Therefore, in this study, TEA of different pretreatment and products separation technologies 
were conducted for butanol production from oil palm frond (OPF). 
Materials and Methods 
Software Tools  
The butanol production plant simulation and cost modeling analyses were conducted 
using SuperPro Designer V.9.0 (Intelligen, Inc., Scotch Plains, NJ, USA). 
Techno-economic Analysis (TEA) 
The economic evaluation of butanol production from OPF was conducted based on 
95.34 × 106 L butanol/y production plant capacity. Different pretreatment and products 
separation approaches were simulated. Figure 6.1 highlights the pretreatment and products 
separation stages in the modeled cellulosic butanol plant. All models were simulated in a 
continuous mode of operation with independent cycle time for most of the unit operation. All 
analysis was done based on a functional unit of 1 L butanol. 
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Pretreatment Approaches 
The analysis was started from the point of OPF arrival at the production facility. The 
OPF arrived at the facility was assumed has been pre-milled and cleaned. The assumption 
was applied to reduce the extensive milling requirement that must be incurred by the 
processing plant due to the morphology of OPF. Only rough milling by hammer mill was 
conducted before the pretreatment process. Different pretreatment approaches were selected 
based on available literature on the pretreatment of oil palm frond (OPF), which includes low 
moisture anhydrous ammonia (LMAA) pretreatment, autohydrolysis pretreatment, soaking in 
aqueous ammonia (SAA) pretreatment, and soaking in sodium hydroxide (NaOH) 
pretreatment. For every pretreatment model simulated, the same enzyme hydrolysis and in-
situ products separation processes were applied. The untreated OPF was assumed to have 51 
% cellulose, 17 % hemicellulose, and 26 % lignin.  
Low moisture anhydrous ammonia (LMAA) pretreatment 
The milled OPF was adjusted to 50 % moisture content (dry basis) by mixing with 
water. Ammoniation was conducted by the introduction of 0.18 g NH3/g biomass into the 
reactor for 1 h. After that, the OPF was incubated at 75 ºC for 24 h. All selected process 
parameters were from previous works and have been validated in the laboratory (Cheng & 
Rosentrater, 2016; Yang & Rosentrater, 2017). A 90 % recycle NH3 was assumed to be 
achieved through a compressor unit installed at each of the ammoniation and incubation tank. 
The pretreatment recorded 17.6 % increase in cellulose, a 27.4 % reduction in hemicellulose, 




Autohydrolysis pretreatment was conducted according to Sabiha-Hanim, Noor, & 
Rosma (2011). OPF with water added at a ratio of 1:10 were heated at 121 °C and 15 psi for 
1 h. The process was reported to recover 75 % of insoluble solids, with the total cellulose, 
hemicellulose, and lignin contents were reduced by 1.3 %, 61.9 %, and 12.3 %, respectively, 
from those of untreated sample. The mixture was then cooled, and its water content was 
reduced to achieve the desired substrate concentration for the hydrolysis process. 
Soaking in aqueous ammonia (SAA) pretreatment 
SAA pretreatment was conducted according to Jung et al. (2012). In a reaction tank, 7 
% aqueous NH3 and OPF at 1:12 (S/L ratio) were added and left to react at 80 °C for 20 h. 
After that, the slurry was filtered and detoxified with water washing. The process was 
reported to recover 81.7 % of insoluble solids, with the total cellulose, hemicellulose, and 
lignin contents were reduced by 9.4 %, 31.4 %, and 24.6 %, respectively, from those of 
untreated sample.  
Soaking in sodium hydroxide (NaOH) pretreatment 
NaOH pretreatment was conducted according to Sukri, Rahman, Illias, & Yaakob 
(2014). OPF was soaked in 4.42 % sodium hydroxide (NaOH) solution at 100 °C for ~1 h. 
Similar to SAA pretreatment, the slurry was then filtered and washed with water. The treated 
OPF reported of having an increase of 46.7 % and 22.7 % in cellulose and hemicellulose, 
respectively, as well as 30.8 % decrease in lignin content. 
Enzyme Hydrolysis and ABE Fermentation 
The pretreated OPF was hydrolyzed using cellulase enzyme according to Triwahyuni, 
Hariyanti, Dahnum, Nurdin, & Abimanyu (2015). The substrate concentration in the 
hydrolysis process was 15 % (wt. OPF/ v. water). Validation in the laboratory has shown that 
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glucose yield after the hydrolysis process was about 0.33 g/g pretreated OPF. The 
hydrolysate mixture was separated from the fibers residue to ease the subsequent in-situ 
products separation process. Full separation of sugars was obtained by cake washing with 3.0 
v/v (water/cake) during the filtration process. The separated fibers-free solution brought to 
the closed fermenter, where the required nutrients and microorganisms were supplied. 
Growth nutrients include yeast extract, potassium salts, and diammonium phosphate (Ezeji & 
Blaschek, 2008; Tao, He, Tan, Zhang, & Aden, 2014). No water was added to the fermenter 
because the cake washing process has provided enough water for the reaction. The glucose 
concentration in the fermenter was 60 g/L. The ABE fermentation was conducted using 
Clostridium beijerinckii at 35 °C for 72 h (Ezeji & Blaschek, 2008; Qureshi et al., 2008). 
Products yields were according to the stoichiometric reactions Eq. (6.1) – (6.5)  (Tao et al., 
2014). Xylose conversion into products was not considered in the simulation.  
 
Acetone C6H12O6 + H2O → CH3COCH3 + 3CO2 + 4H2                                             Eq. (6.1) 
Butanol C6H12O6 → C4H9OH + 2CO2 + H2O                                                              Eq. (6.2) 
Ethanol C6H12O6 → 2C2H5OH + 2CO2                                                                       Eq. (6.3) 
Acetic acid C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2                                      Eq. (6.4) 
Butyric acid C6H12O6→ C3H7COOH + 2CO2 + 2H2                                                   Eq. (6.5) 
 
Products Separation Approaches and Downstream Processing 
The fermented mixture was processed using several in-situ and inline products 
separation technologies, namely in-situ stripping, dual extraction, membrane pervaporation, 
and adsorption. In each simulation comparing different products separation technologies, 
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LMAA was used in the pretreatment section. Except for in-situ stripping process, the 
fermentation broth from fermenter was undergone filtration before the products separation 
process to allow recycling of the cells. The density of butanol, acetone, and ethanol was 810 
kg/m3, 783 kg/m3, and 789 kg/m3, respectively (Wu et al., 2008). The downstream processing 
part in the simulation was according to (Baral & Shah, 2016) with modification depending on 
the stream compositions. 
In-situ stripping 
In-situ stripping was conducted according to Ezeji, Qureshi, & Blaschek (2003); Ezeji 
et al. (2013). This process involves the use of fermentation gases (CO2 and H2) to separate 
products from the fermentation broth. Fermentation gases were compressed and heated to 35 
°C before purged into the bottom of the fermenter. As these gases move upwards of the 
fermenter, it will be stripping out the solvent products from the fermentation broth. A vacuum 
pump was used to facilitate gases exit from the upper part of the fermenter. The solvents were 
then condensed while the gases were recycled back to the fermenter.  
According to Ezeji et al. (2003), in-situ stripping capable of removing ~81 % acetone, 
~88 % butanol, and ~80 % ethanol from the modeled ABE solutions. With an in-situ 
stripping process, no product inhibition was assumed to occur, thus allows maximum 
reactions where all acetic acid and butyric acid were converted to solvents. The stripping 
cycle runs continuously throughout the fermentation, and the stripping gases were released to 
the environment once the fermentation completed. The retired fermentation broth contains 
unstripped products was undergoing beer distillation following work by Sánchez-Ramírez et 
al. (2015), for separation of the remaining products. The mixture of products was then 
processed in a series of distillation columns to separate and purify acetone, ethanol, and 
butanol. A decanter unit was used before the butanol distillation column to separate most of 
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the water. The light phase from the decanter unit goes through butanol distillation column, 
while the heavy phase which mostly water was recycled throughout the processing. 
Dual extraction 
This process was selected due to its simplicity and straightforward simulation 
approach. Although Grisales Díaz & Olivar Tost (2017) reported that the high cost of high-
pressure steam associated with this process, employment of the CHP system in this study 
would considerably reduce the cost. The simulation was conducted according to Kurkijärvi et 
al. (2016). The fermentation broth was entering extraction-1 where most of the acetone, 
butanol, and ethanol will be separated. The organic stream proceeds to regeneration column 
to recover the extractant-1. The aqueous phase from extraction-1 proceeds to extraction-2 
where the remaining extractant-1 was removed before recycling the broth back to the 
fermenter. Both extraction processes conducted at 37 °C and 1 bar.  
Extractants used were 2-methyl-1-hexanol (non-biocompatible) and cyclopentane 
(biocompatible) for extraction-1 and extraction-2 respectively. The distribution coefficients 
for water, acetone, butanol, ethanol, acetic acid, butyric acid, and 2-methyl-1-hexanol in 
extractant-1 were 0.06, 2.45, 12.6, 3.89, 0.94, 10.2, and 150 respectively. The distribution 
coefficients for water, acetone, butanol, ethanol, acetic acid, butyric acid, 2-methyl-1-
hexanol, and cyclopentane in extractant-2 were 0.0002, 0.37, 1.47, 1.00, 0.15, 0.79, 664, and 
8313 respectively. The mixture of products from the regeneration column was undergone 
distillation where lowest boiling point components (acetone and ethanol) were separated 
from the butanol-water mixture. The acetone-ethanol mixture was then undergone distillation 
to purify each of the acetone and ethanol. Because of high water content in the water-butanol 
mixture, decanter was used to generate 2 phase in which the lighter phase (butanol) proceeds 
to distillation for purification. 
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Adsorption 
ABE fermentation products separation using adsorption technology was based on 
work from (Abdehagh et al., 2015; Águeda et al., 2013). Activated carbon (AC) F-400 was 
used as the adsorbent. Fermentation broth from fermenter was undergone filtration to allow 
recycling of the cell. The cell-free mixture was loaded into the adsorption column which 
selective towards butanol and acetone. An optimistic condition was assumed (99 % 
recovery). Hot air (150 °C) was purged into the adsorption column to desorb the acetone and 
butanol, and regenerate the adsorbent. The stripped air containing acetone and butanol was 
condensed before going through a series of distillation. Column equilibration was conducted 
using water at room temperature before the next cycle of the adsorption process. The butanol- 
and acetone-depleted solution from the adsorption column proceed to the ethanol distillation. 
Membrane pervaporation 
External pervaporation (PV) process was simulated following work from (Qureshi & 
Blaschek, 1999). Silicone membrane was used with the assumed shelf-life of 100 cycles. The 
products-containing fermentation broth was heated to 80 °C before fed to the PV unit. 
Silicone membrane was reported to able to separate acetone, butanol, ethanol, butyric acid, 
and acetic acid from the fermentation broth with varies selectivities (Qureshi & Blaschek, 
1999). In this simulation, an optimistic condition was assumed on the PV membrane, where 
it was capable of achieving ~99 % separation efficiencies for all products. Compressed air is 
introduced to remove diffused products from the membrane surface. The products-free broth 
was then recycled to the fermenter. The mixture of products was processed in a series of 
distillation columns to separate and purify acetone, ethanol, and butanol. 
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Power, Heating, and Cooling Requirement  
The remaining lignin and other fiber residues (undigested cellulose and 
hemicellulose) separated from the fermentable sugar after enzyme hydrolysis, were used as a 
fuel for the combined heat and power (CHP) generation system. It was dried to 
approximately 10 % moisture content before fed to the CHP system for steam and electricity 
generation. Actual Rankine Cycle consisting of a boiler unit and multistage steam turbine 
was used and simulated using SuperPro built-in expansion model. The generator was 
assumed to be 90 % efficient. The CHP system was supplemented with natural gas because 
burning only waste fibers will not generating enough steam for the entire production plant.  
The elemental compositions for lignin, cellulose, hemicellulose, and natural gas used 
in the simulation were summarized in Table 6.1. Air and water at a pressure of 1 bar and 11 
bar respectively, and atmospheric temperature entering the boiler at a rate calculated by the 
software. The generated high-pressure and high-temperature steam (45 bar, 257.44 °C) was 
expanded in a multistage steam turbine to produce electricity as well as steam with specific 
pressures. The cooling and chilled water requirement for the process were fulfilled by the on-
site cooling tower and electric cooling, respectively. 
Sensitivity Analysis 
 The sensitivity analysis of selected processes at ±20% parameters values were 
conducted to address any possibility for uncertainty. Among parameters included were costs 
of pretreatment agents, membrane cost (pervaporation), extractant cost (dual extraction), the 
presence of xylose, hydrolysis yield, pretreatment yield, and land cost. For the presence of 
xylose, only 20 % value of the xylose was assumed from the conversion of hemicellulose. 
Only those simulations with promising butanol production cost (less than $ 2.50/L) were 
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subjected to this study. Sensitivity analysis was also conducted on the profit of the simulated 
plant. The biobutanol selling price of $ 1.73/kg was applied (Haigh et al., 2018). 
Assumptions and Limitations of the Study 
The TEA was conducted with the assumption that the plant was built in Malaysia 
(location factor, LF = 1.14) (Richardson, 2008). Capital expenditures (CapEx), operating 
expenditures (OpEx), and production costs per unit butanol were calculated based on 
assumptions in Table 6.2. Based on the level of detail of the modeled plant, small equipment 
that not considered explicitly were assumed 10 % and 20 % from the equipment purchased 
cost for upstream and downstream processing stages respectively (Heinzle et al., 2006). 
Professional and management labor costs were not included in the assessment.  
No heat loss, leakage, or any accidents were assumed to happen throughout the 
processing year. The C. beijerinckii was cultivated and maintained in the plant facility, thus 
purchase cost was not included. Nutrients costs were assumed at $ 200/t each. Water was 
recycled throughout the production. Wastewater treatment cost, which could also include the 
neutralization process, was assumed at $ 0.53/m3 (Heinzle et al., 2006). Byproduct credit of $ 
1.04/L ethanol price and $ 1.28/kg acetone price were applied (Haigh et al., 2018). Table 6.3 
summarized other assumptions used in the study. Costs for OPF and utilities were with 
reference to the prices in Malaysia, considering an exchange rate of $ 1.00 = MYR 4.10 
(January 2018).  
Results and Discussions 
The overall process flow diagram applied in this study was shown in Figure 6.1. 
Different pretreatment and products separation models used in this study were shown in 
Figure 6.2 and 6.3, respectively. Simulations of different pretreatments were conducted using 
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the same products separation approach, which was in-situ stripping. Meanwhile, simulations 
of different products separation technologies applied the same pretreatment method, which 
was LMAA pretreatment. 
Comparison of Different Pretreatment Technologies 
Production costs of butanol 
The previous simulation on ABE fermentation of LMAA pretreated OPF (Chapter 4) 
had shown that 1.09 × 106 t of OPF was required annually to produce 95.34 × 106 L butanol. 
When the same amount of OPF was subjected to different pretreatment technologies, 
different yields of butanol were recorded in each model simulations (Figure 6.4). NaOH 
pretreatment model was the most efficient in giving high fermentation products, followed by 
LMAA, autohydrolysis, and SAA pretreatment models. For further analysis, plant scale of 
95.34 × 106 L butanol/y was applied. To produce the desired butanol output, 1.29 × 106 t, 
1.40 × 106 t, and 0.85 × 106 t of OPF were required annually by autohydrolysis, SAA, and 
NaOH pretreatment model, respectively. These values equivalents to 10.52 kg/L butanol, 
14.71 kg/L butanol, 17.45 kg/L butanol, and 6.72 kg/L butanol, or, 6.93 kg/L ABE, 9.68 kg/L 
ABE, 11.49 kg/L ABE, and 4.43 kg/L ABE of feedstocks required for LMAA, 
autohydrolysis, SAA, and NaOH pretreatment models, respectively. 
Figure 6.5 shows the butanol production costs from the different pretreatment 
approaches simulated. Butanol production from SAA-treated OPF has the highest production 
cost ($ 5.28/L), while those produced from LMAA-treated OPF has the lowest production 
cost ($ 1.58/L) compared to the other pretreatments evaluated. The capital expenditures 
(CapEx) of all models simulated were almost similar. In contrast, there was considerable 
variation in operating expenditures (OpEx) between each model. Because the difference in 
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each simulation was only in the pretreatment part, it could initially be deduced that different 
trends in OpEx were primarily caused by the specific pretreatment technologies applied.  
The OpEx components for each pretreatment technologies in Figure 6.6, as well as 
results in Figure 6.7, justified the statement. For all models, utility costs, materials costs, 
maintenance and repairs costs, and tax were among the largest cost contributors. Utility costs 
involve the expense of purchasing natural gas and water for the CHP system as well as water 
for the cooling tower. Utility costs were observed to be directly related to the energy 
requirements of the process (Figure 6.7). Autohydrolysis pretreatment model required more 
energy than the other models, which led to its high utility costs that were at least five times 
higher than those of other pretreatment models.  
Materials costs (Figure 6.6) involved the expense of feedstocks, pretreatment agents, 
growth nutrients, water used in the process, and other chemicals. Autohydrolysis 
pretreatment model recorded the lowest materials costs primarily due to the use of only water 
as the pretreatment agent. Variation of materials costs in other pretreatment models was due 
to different prices of each pretreatment agent and the ability to recycle the pretreatment 
agents during the process.  
LMAA pretreatment model required a low total amount of water, which was 3.9 × 106 
m3/y in comparison to 8.2 × 106 m3/y, 10.8 × 106 m3/y, and 7.4 × 106 m3/y of water for 
autohydrolysis, SAA, and NaOH pretreatment, respectively. Nevertheless, this had not led to 
the lowest materials costs in the LMAA pretreatment model, which could indicate that the 
cost contribution from purchasing water is not critical in assessing the butanol production 
cost. Other materials, such as pretreatment agents have a more considerable contribution to 
the butanol production cost. For instance, in autohydrolysis pretreatment, more water was 
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required than those in LMAA pretreatment. However, it has lower materials costs due to no 
chemical pretreatment agent used.  
Labor, wastewater treatment, overhead, and insurance costs were less important and 
almost similar for all pretreatment technologies simulated. LMAA pretreatment model 
recorded the lowest butanol production cost, followed by those from NaOH pretreatment 
model ($ 1.79/L). With a substantial reduction in the price of pretreatment agent and 
conducted at a lower temperature, NaOH pretreatment potentially give better butanol 
production costs.  
In contrast, SAA pretreatment simulated in this study utilized a high solid-to-liquid 
(S/L) ratio, which led to the high material cost (Figure 6.6), and eventually high butanol 
production cost. The butanol production cost recorded by LMAA pretreatment model, 
although was the lowest compared to those of other models simulated, it was higher than 
ethanol production cost from LMAA-treated corn stover reported by Yang & Rosentrater 
(2015), which was ~1.30/L. It is known that butanol fermentation has lower productivity than 
ethanol fermentation. Therefore, a more significant reduction in butanol production cost 
might be achieved through better fermentation yield rather than pretreatment yield. 
Energy requirements 
Figure 6.7 shows the total energies required (electricity and steam) by each 
processing stage. In agreement with the earlier statement, a considerable variation of energy 
usage was coming from the pretreatment stage with autohydrolysis pretreatment model 
recorded the highest energy consumption. In addition to that, all other processing stages in 
the autohydrolysis model also consumed the highest energy per liter butanol (although not far 
different) compared to the same processing stages in other pretreatment models. 
Autohydrolysis pretreatment has among the lowest efficiency (in recovering more cellulose 
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during the pretreatment process), as well as conducted at high temperature and water loading 
than the other pretreatments, which eventually affected the subsequent processing stages in 
the production plant. Products separation and purification stages were the most affected with 
total energy consumption between 2.8 – 3.3 MJ/L higher than downstream processing stages 
in other simulation models.  
Pretreatment stage in LMAA pretreatment model consumed the lowest energy, 
however not the case for most of the rest of processing stages. In general, except for the 
pretreatment stage, all other processing stages of each model had a similar trend of energy 
consumption with mostly small variations between each. Most of these variations were due to 
the slightly different streams compositions throughout the processing and different final 
products yield. For instance, a higher content of water in the purification unit demanded more 
energy for distillation or higher fiber content in the hydrolysis reactor demanded higher 
power for agitation. LMAA pretreatment consumed in total the lowest energy per unit 
butanol produced followed by NaOH, SAA, and autohydrolysis pretreatments, with the 
amount of 23.75 MJ/L, 24.13 MJ/L, 34.97 MJ/L, and 92.93 MJ/L respectively. 
Figure 6.8 illustrates the utility cost fractions for each pretreatment technologies with 
on-site energy generation system fueled by fibers residues only (a) and a combination of 
fibers residues and natural gas (b). The use of natural gas in addition to the fibers residues as 
fuels for the CHP generation system in all models have demanded slightly higher cost from 
capital (not shown) as well as for purchasing natural gas and water, as compared to the 
expense required from outsourcing the steam.  
However, the CHP system also generated an excessive amount of electricity, which 
sold to the grid for an additional income. By burning only waste fibers in the CHP system, 
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only 44 %, 18 %, 46 %, and 53 % of steam needs could be fulfilled in LMAA, 
autohydrolysis, SAA, and NaOH pretreatment models, respectively. In general, for each 
technology, the high requirement of heating was followed by the high demand for cooling 
(i.e., those with the highest heating works will require the highest amount of cooling water). 
Reduction of the extent of heating and cooling could be achieved through better heat 
integration, which allows better heat recovery to be used in process streams require less 
critical heat. Optimization of this aspect was not conducted in this study.  
As mentioned before, fibers residues and natural gas were used as fuels in the CHP 
system. For the autohydrolysis model, which required a considerably large amount of heat, 
more amount of natural gas was needed as compared to other simulated models. 
Approximately 68.89 × 109 ft3 natural gas was needed annually by autohydrolysis 
pretreatment model. In comparison, LMAA, SAA, and NaOH pretreatment model required 
an annual natural gas amount of around 9.15 × 109 ft3, 14.37 × 109 ft3, and 9.11 × 109 ft3, 
respectively. Approximately only 0.1 % of cooling water increased was recorded for all 
models when the CHP generation system was the sole energy source. This value reflects the 
amount of cooling required by the condenser in the CHP system, which needed to allow for 
water recycling. 
Comparison of Different Products Recovery Technologies 
Production costs of butanol 
 In the study of comparison of different products separation technologies for the 
butanol production plant, 1.09 × 106 t of OPF was used annually in all models. Adsorption 
model recorded the highest total products yield, followed by dual extraction, pervaporation, 
and in-situ stripping models (Figure 6.9). Nevertheless, focusing only on butanol yield, dual 
extraction process gave the highest followed by adsorption, pervaporation, and in-situ 
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stripping process. Despite that, the lowest butanol production cost (Figure 6.10) was given by 
in-situ stripping ($ 1.58/L), while pervaporation and dual extraction model gave a slightly 
higher butanol production cost of $ 1.86/L and $ 1.70/L respectively. The butanol production 
cost recorded by adsorption model was the highest ($ 6.29/L), due to a high amount of both 
CapEx and OpEx.  
In the simulation, maximum products separation (~99 %) was assumed for the 
adsorption and pervaporation model. Nevertheless, the changes in butanol production cost if 
the recoveries are 80 % and 90 % were also calculated (Figure 6.11). When the recoveries 
percentages were reduced to 80 % and 90 %, adsorption model was observed to give higher 
butanol production cost increase than those for pervaporation model. 
A considerably large fraction of CapEx was contributed by the products separation 
stage in adsorption model, which was not the case in the other models (Figure 6.12). The 
CapEx for all other technologies were not far different between each with the value in the 
range of ~$ 0.69 – 0.73/L. A similar trend was observed for the OpEx, where in-situ 
stripping, dual extraction, and pervaporation model recorded a cost in the range of $ 0.88 - 
1.17/L, while those of adsorption model was substantially higher ($ 3.49/L). 
The OpEx cost components in Figure 6.13 presents the variation in cost spent by each 
processing stage. Each cost component in the adsorption model was higher from those 
recorded in the other models. The materials and consumables costs in this model were not far 
different than those of the pervaporation model, however, because of the substantially high 
CapEx contribution in adsorption model (Figure 6.12), it was also considerably increased the 
maintenance and repairs costs, overhead cost, taxes, and insurance incurred in this model as 
compared to the other models.  
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Reduction in butanol production cost in pervaporation model could be achieved 
mainly through a lower pervaporation membrane cost. In contrary, to reduce the butanol 
production cost in adsorption model, several strategies must be applied primarily by getting a 
lower price for adsorption set-up and also having lower adsorbent cost at the same or better 
separation efficiencies. For dual extraction model, the use of two different solvents at the 
simulated extraction conditions led to butanol production cost that was higher than those of 
in-situ stripping model. 
Energy requirements 
Figure 6.14 illustrates the energy consumptions distribution in each simulated model 
of different products separation technologies. Note that the energy requirements were 
assessed from the simulation data. The reduction of energy requirement by subtracting the 
energy content of the products (net energy value) was not conducted. The most critical 
processing stages were products separation and purification (downstream processing) with a 
notable variation of energy required between each model. The highest energy consumption 
was recorded by the adsorption model (Figure 6.13). It was primarily contributed by the 
products purification section (20.42 MJ/L), while its products separation stage utilized 0.37 
MJ/L. The same trend was recorded by pervaporation model with the energy requirement of 
the products purification stage (9.36 MJ/L) was multiple degrees higher than those of 
products separation stage (1.71 MJ/L).  
In-situ stripping and dual extraction model recorded in contrary results with products 
separation stage required the highest energy. Oudshoorn et al. (2009) had calculated the 
energy requirement of butanol separation at various conditions. They assessed gas stripping, 
pervaporation, extraction, and adsorption technologies and obtained an energy requirement 
(at ideal conditions) that were similar to those recorded in this work.  
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In the in-situ stripping process, the vacuum pump that facilitated the exit of purged 
CO2, as well as the purging mechanism itself consumed a substantial amount of electricity. 
Other than that, beer distillation that was installed to recover the unstripped products in the 
retired fermentation broth utilized substantial of energy due to the high volume of the 
fermentation broth. In addition to that, beer distillation only managed to moderately reduce 
the water content resulting in moderately high energy requirement in the subsequent acetone, 
ethanol, and butanol distillation processes.  
In the dual extraction process, the regeneration column, a series of the flash columns, 
as well as cooling and heating processes have led to the high-energy requirement of this 
process. The further products purification stage, however, required low energy because most 
of water and extractants have been separated in the products separation stage.  
In the adsorption process, the column heating required lower energy than those 
needed by the series of distillation in the products purification stage. In addition to that, the 
hydrophobic adsorbent only has selectivities towards acetone and butanol. There was no 
water removal stream from the adsorption column because the stream escaped from the 
adsorbent contains ethanol, which eventually increased subsequent distillations work. 
Similarly, in the pervaporation process, stream heating in the products separation stage was a 
lot less than those required in the following distillation processes.  
The total energy requirement for butanol production modeled using in-situ stripping, 
adsorption, pervaporation, and dual extraction products separation technologies were 23.75 
MJ/L, 30.11 MJ/L, 19.43 MJ/L, and 21.51 MJ/L, respectively. Comparing only between 
products separation stage, those recorded the lowest-energy consumption was the adsorption 
technology. However, for overall downstream section, the pervaporation process was the 
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lowest energy method for ABE fermentation, followed by dual extraction, in-situ stripping, 
and adsorption technologies with the energy requirement of 11.06 MJ/L, 13.08 MJ/L, 14.29 
MJ/L, and 20.79 MJ/L, respectively.  Dual extraction possesses high potential in further cost 
reduction by the use of more efficient extractants that could give better separation 
efficiencies. It is also worth to highlight that pervaporation technology possesses huge 
potential due to its low energy consumption and high products yield. 
Available works from others recorded energy requirements in the range of 50 – 79 
MJ/kg (41 – 64 MJ/L) for conventional distillation products purification in ABE fermentation 
process (Matsumura et al., 1988; Oudshoorn et al., 2009). Energy requirements recorded by 
modern technologies assessed in this study were lower than those conventional methods. 
Nevertheless, considering the energy content of butanol (~28 MJ/L), adsorption model with 
the conditions evaluated in this study was regarded as an energy sink; therefore, not feasible 
for commercialization. 
Figure 6.15 shows the comparison of utility cost requirement by application of partial 
CHP system (fueled by waste fibers only) and full CHP system (fueled by waste fibers and 
natural gas). The latter CHP system was aimed to generate the steam needed for the 
processing and eliminate the need for outsourcing it. A substantial amount of electricity 
produced in the process used to power the plant and the excess portion was sold to the grid as 
income and counted as the by-product credit. Because adsorption technology required the 
highest amount of heat, it was also generated the highest amount of excess electricity to be 
sold, and vice versa for the dual extraction model. Nevertheless, a high amount of electricity 
sold in the adsorption model was not able to compensate for the high CapEx and OpEx of 
this model. 
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Production Costs Distributions 
Production costs distributions at each stage of the butanol production processes, 
modeled at different pretreatment and products separation technologies were tabulated in 
Table 6.4 and 6.5 respectively. The contributions of production cost at each stage of 
processing were from the materials/chemicals, consumables, natural gas used for heat and 
power generation, and water used for cooling purpose.  
Simulation of different pretreatment technologies resulted in varying pretreatment 
cost distributions between models. This condition was due to distinct efficiencies of each 
pretreatment, thus required a specific amount of feedstock to produce the same amount of 
cellulose for the subsequent process (hydrolysis). It was also due to the different processing 
conditions applied in each model. LMAA pretreatment was the cheapest pretreatment method 
with the cost of $ 0.16/L, followed by NaOH, autohydrolysis, and SAA pretreatments with 
values of $ 0.61/L, $ 1.98/L, and $ 3.77/L, respectively. Some authors presented the 
pretreatment cost in combination with hydrolysis cost (Baral & Shah, 2017). When applying 
this approach, the pretreatment costs were approximately 17 %, 40 %, 66 %, and 73 % from 
the total butanol production costs for LMAA, NaOH, autohydrolysis, and SAA models 
respectively. The pretreatment costs obtained in this work were in the range of those recorded 
by Baral & Shah (2017). Although the evaluated pretreatment technologies in their work 
were different from those assessed in this study, it suggests a baseline value on how much a 
pretreatment should cost.  
Despite that, Adom et al. (2014) mentioned that a pretreatment cost which takes more 
than 18 % of the biofuel production cost as capital intensive. Taking into account this view, 
only LMAA model possess a potential for commercialization. Nevertheless, soaking in alkali 
pretreatment (SAA and NaOH) could show a similar potential through improvement in 
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processing conditions, i.e., runs at a lower temperature and S/L ratio than simulated in this 
work, or through reduction of pretreatment agents purchasing cost.  
On the other hand, when different products separation technologies were simulated, 
considerable variation in production costs distribution was observed starting from the 
products separation stage throughout the subsequent processes (Table 6.5). Adsorption model 
recorded the highest separation cost followed by pervaporation, dual extraction, and in-situ 
stripping with values of $ 2.25/L, $ 0.45/L, $ 0.38/L, and $ 0.21/L, respectively. These values 
equivalents to 36 %, 24 %, 22 %, and 13 % of the butanol production cost, for adsorption, 
pervaporation, dual extraction, and in-situ stripping, respectively. As explained before, 
adsorption and pervaporation technologies did not remove any water in the products 
separation stage, which caused high energy consumption in products purification stage. This 
situation was shown by relatively high products purification costs in adsorption and 
pervaporation model compared to the other two processes.  
Among all products separation approaches modeled, adsorption technology required 
the highest energy (heat and power), which was shown by its high CHP cost as compared to 
the other models. Adsorption technology gave the highest by-products credit per liter butanol 
produced. However, it could not compensate for the high CapEx and OpEx, which led to 
high butanol production cost. Among the lowest butanol production costs were recorded by 
in-situ stripping and dual extraction model, which was due to the different reason. In dual 
extraction model, the obtained butanol production cost was as a result of the low expenses of 
the products purification stage. While in the in-situ stripping model, the low butanol 
production cost was mainly contributed by its low products separation cost and considerably 
high by-product credit.  
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Uncertainties in the Simulated Models 
Presence of xylose gave the most substantial reduction in butanol production cost 
except in the NaOH pretreatment model (Figure 6.16). The costs reduction of around 26 %, 
13 %, 19 %, and 21 % were recorded for LMAA pretreatment/in-situ stripping, NaOH 
pretreatment, pervaporation, and dual extraction models, respectively, when 20 % xylose was 
assumed to be present in the treated OPF. Other important parameters affected the butanol 
production costs were pretreatment and hydrolysis yields. In NaOH pretreatment model, the 
20 % higher pretreatment and hydrolysis yields recorded higher cost reduction than those 
mentioned above with the value of 23 % and 25 % reduction from the baseline value, 
respectively. The prices of pretreatment agents, extractant, adsorbent, and land costs, were 
not resulted in substantial effects on butanol production cost compared to the baseline value 
for all models. 
Similarly, the presence of xylose resulted in the most substantial increase in the 
annual profit compared to those of other parameters (Figure 6.17). However, only the profit 
recorded from LMAA pretreatment/in-situ stripping and dual extraction model were positive 
values, which were $ 29 × 106 and $ 9 × 106 annually, respectively. NaOH pretreatment 
model recorded positive profit of $ 7 × 106 and $ 3 × 106 annually when there was a 20% 
increase hydrolysis yield and pretreatment yield, respectively. Pervaporation model, on the 
other hand, not recorded any positive profit at any case simulated due to high OpEx from 
consumable. It seems that all simulated model produced a profit when the butanol production 
cost was lower than $ 1.40/L. 
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Conclusions 
In this study, the economic performance of cellulosic butanol production was 
analyzed using different pretreatment and products separation technologies. LMAA 
pretreatment, in combination with in-situ products separation approach, has recorded the 
lowest butanol production cost ($ 1.58/L). LMAA pretreatment has the benefit of the ability 
to recycle the pretreatment agent, which led to low materials cost and waste treatment cost 
than the other pretreatments models. Even though the NaOH pretreatment model capable of 
giving better products yield than the LMAA pretreatment, high materials cost required by 
this process resulted in a higher butanol production cost ($ 1.79/L). This study also validated 
the efficiency of LMAA pretreatment compared to the most similar pretreatment approach, 
SAA pretreatment, which used the same type of pretreatment agent. Energy consumption has 
been determined to be the most critical factor in giving the obtained result. Although the use 
of gaseous ammonia as the pretreatment agent and at lower feedstocks’ moisture content did 
not notably affect the butanol production cost in LMAA pretreatment, elimination of high-
temperature processing was able to substantially reduce the cost as compared to the other 
pretreatments modeled. When different products separation technologies were evaluated, 
following the butanol production cost that was given by in-situ stripping technology was 
those from dual extraction approach ($ 1.70/L). Energy and specific requirements of each 
model (i.e., adsorbent, extractant, and membrane) were the most critical factor, while 
products yield of each technology was of the second factor affected the butanol production 
cost. LMAA pretreatment-in-situ stripping model recorded high profit when 20 % increased 
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(a) LMAA; (b) autohydrolysis; (c) SAA; (d) NaOH; OPF – oil palm frond; SAA – soaking in aqueous 
ammonia; NaOH – soaking in sodium hydroxide solution; (R) – recycle.  
 Figure 6.2 Pretreatment set-up used in the simulation. Noted that this figure only includes 











(a) in-situ stripping; (b) adsorption-distillation; (c) pervaporation-distillation; (d) dual extraction-distillation. 
Figure 6.3 Products separation and purification set-up used in the simulation. Noted that this 









LMAA – low moisture anhydrous ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in 
sodium hydroxide solution. 




CapEx – capital expenditures; OpEx – operating expenditures; LMAA – low moisture anhydrous 
ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in sodium hydroxide solution. 




















































LMAA – low moisture anhydrous ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in 
sodium hydroxide solution. 





LMAA – low moisture anhydrous ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in 
sodium hydroxide solution; UE – unlisted equipment. 
Figure 6.7 Energy requirements from each processing stage in the simulated butanol 









































































(a) with partial CHP generation system, and (b) with full CHP generation system; LMAA – low 
moisture anhydrous ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in sodium 
hydroxide solution 












































































Figure 6.9 Products yield from ABE fermentation of LMAA treated OPF simulated using 




CapEx – capital expenditures; OpEx – operating expenditures. 
Figure 6.10 Production cost of butanol ($/L) from ABE fermentation of LMAA treated OPF 
























































Figure 6.11 Production costs of butanol upon variation in products separation percentages in 
pervaporation and adsorption simulation. 
 
 
Figure 6.12 Components of CapEx of butanol production through ABE fermentation of 
LMAA-treated OPF simulated with different products separation technologies. 
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Figure 6.13 Components of OpEx of butanol production through ABE fermentation of 




UE – unlisted equipment. 
Figure 6.14 Energy requirements from each processing stage in the simulated butanol 








































































(a) with partial CHP generation system, and (b) with full CHP generation system. 
Figure 6.15 Utility costs fractions of butanol produced through ABE fermentation of LMAA-









































































(a) LMAA pretreatment/in-situ stripping; (b) NaOH pretreatment; (c) Pervaporation; (d) Dual extraction. Red-
shaded bars are results of optimistic scenarios (+ 20 % from the baseline); black-shaded bars are results of 
pessimistic scenarios (- 20 % from the baseline). 
Figure 6.16 Sensitivity analysis of butanol production costs for different models. 
  







Butanol production cost ($/L)
(a) Baseline







Butanol production cost ($/L)
(b)







Butanol production cost ($/L)
(c)















(a) LMAA pretreatment/in-situ stripping; (b) NaOH pretreatment; (c) Pervaporation; (d) Dual extraction. Red-
shaded bars are results of optimistic scenarios (+ 20 % from the baseline); black-shaded bars are results of 
pessimistic scenarios (- 20 % from the baseline). 
Figure 6.17 Sensitivity analysis of butanol production profits for different models. 
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Carbon 58.45 44.40 45.50 75.85 
Hydrogen 6.80 6.20 6.10 24.15 
Nitrogen 1.12 - - - 
Oxygen 33.63 49.40 48.40 - 
[1] Hussin et al. (2018); [2] Demirbaş (2005); [3] Morvay & Gvozdenac (2008) 
 
Table 6.2 Assumptions for TEA, adapted from (Brown & Brown, 2014; Heinzle et al., 2006). 
Capital Cost 
Installation 39 % × Ep 
Instrument & control 26 % × Ep 
Piping 10 % × Ep 
Electrical system 31 % × Ep 
Building 29 % × Ep 
Yard improvement 12 % × Ep 
Service 55 % × Ep 
Total installed equipment cost (TIEC) 
Engineering  32 % × Ep 
Construction 34 % × Ep 
Legal & contractors’ fees 23 % × Ep 
Total indirect cost (TIC) 
Contingency 10 % × (TIEC + TIC) 
Fixed capital investment (FCI) (TIEC + TIC + contingency) × LF 
Working capital (WC) 15 % × FCI 
Land 6 % × Ep 
Total project investment (TPI) FCI + WC + Land 
Operating Cost 
Maintenance and repairs 1 % × TPI 
Overhead 50 % × (labor + maintenance) 
Salvage 15 % 
Depreciation (D) Straight line 
Capital charges (CC) TPIi(1+i)n/(1+i)n -1 
Annual operating cost Total direct & indirect operating cost + CC + D 
Unit production cost Annual operating cost/annual product 
Ep = equipment purchased cost; LF = location factor; Total direct operating cost = all 
variable operating cost; Total indirect operating cost = all fixed operating cost; i = annual 
interest rate of the loan; n = loan payment period. 
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Table 6.3 Other assumptions used in the TEA. 
Assumptions 
Annual working hours  7920 
OPF price $ 0.032/kga 
Cellulase price $ 5/kgb 
Ammonia solution price $ 300/tb 
Anhydrous ammonia price $ 512/tc 
Sodium hydroxide price $ 450/td 
2-methyl-1-hexanol price ~$1900/te* 
Cyclopentane price ~$ 1150/te* 
Activated carbon price $2000/tf 
Silicone membrane price $ 250/m2 
Electricity price (to grid) $ 0.08/kWhg 
Water price $ 0.21/m3 h 
Natural gas price $ 0.004/ft3 
Insurance rate 0.46 % 
Annual interest rate 0.08 %i 
Tax rate 2 % of capital costj 
Operator wage rate $ 2.26/hk,l 
Interest year 20 y 
Equipment life time 20 y 
* Currency exchange – 1 GBP = 1.27 USD (January 2018) 
a. Available at: http://www.utusan.com.my/utusan (Accessed on Sept. 08, 2016) 
b. Tao et al. (2014) 
c. Schnitkey (2018) 
d. You et al. (2018) 
e. Kurkijärvi et al. (2016) 
f. Wang, Liu, & Hao (2019) 
g. Available at: https://www.tnb.com.my/residential/pricing-tariffs (Accessed on March 10, 
2018) 
h. Available at: http://www.span.gov.my/pdf/Water_Tariff_2015.pdf (Accessed on March 
10, 2018) 
i. Available at: http://www.uhy.com/wp-content/uploads/Doing-Business-in-Malaysia.pdf  
(Accessed on March 10, 2018) 
j. Brown & Brown (2014) 
k. Available at: http://minimumwages.mohr.gov.my/pdf/PGM20163042016.pdf  




Table 6.4 Production costs distributions from different pretreatment models.  
Production stages 
Production costs ($/L) 
LMAA Autohydrolysis SAA NaOH 
Pretreatment 0.16 1.98 3.77 0.61 
Enzyme hydrolysis 0.11 0.11 0.11 0.10 
Fermentation 0.53 0.54 0.50 0.49 
Products separation 0.21 0.42 0.20 0.19 
Products purification 0.04 0.15 0.08 0.07 
CHP system 0.06 0.31 0.09 0.06 
Other 1.09 1.42 1.34 1.02 
By-product credit 0.63 1.77 0.81 0.74 
Net cost 1.58 3.15 5.28 1.79 
LMAA – low moisture anhydrous ammonia; SAA – soaking in aqueous ammonia; NaOH – 
soaking in sodium hydroxide solution; CHP – combined heat and power. 
 
Table 6.5 Production costs distributions from different products separation models. 
Production stages 
Production costs ($/L) 
In-situ 
stripping 
Adsorption Pervaporation Dual 
extraction 
Pretreatment 0.16 0.15 0.15 0.15 
Enzyme hydrolysis 0.11 0.11 0.10 0.10 
Fermentation 0.53 0.50 0.51 0.48 
Products separation 0.21 2.25 0.45 0.38 
Products purification 0.04 0.48 0.14 0.01 
CHP system 0.06 0.09 0.04 0.05 
Other 1.09 3.47 1.07 1.10 
By-product credit 0.63 0.76 0.61 0.58 
Net cost 1.58 6.29 1.86 1.70 
CHP – combined heat and power. 
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Abstract 
Environmental impacts assessment is a crucial aspect in biofuels production to ensure 
the process generates emissions within the assigned limit. In this study, quantification of 
environmental impacts potentials from cellulosic butanol production plant was conducted 
with modeled different pretreatment and products separation approaches. Results have shown 
that LMAA pretreatment possessed a huge potential for commercialization by having low 
energy requirement compared to the other pretreatments modeled. With high safety measures 
which reduce the possibility of anhydrous ammonia leaking to the air, LMAA pretreatment 
would result in a moderate level of environmental impacts. Lowest energy requirement in 
biobutanol production, as well as better life-cycle energy metrics performances and 
environmental impacts potentials, were recorded when LMAA pretreatment was combined 
with membrane pervaporation process in products separation stage.  
Keywords: Environmental impacts, Emissions, LMAA pretreatment, Cellulosic butanol. 
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Introduction 
The main advantage of using biofuels is its environmental friendly characteristic; 
generating fewer emissions throughout its life cycle (resource production, resource 
extraction, products production, and products utilization stages) (Demirbas, 2009; 
International Renewable Energy Agency, 2013; Luo, van der Voet, & Huppes, 2009). In their 
recent report, the Intergovernmental Panel on Climate Change (IPCC) has stressed the 
importance of switching to the renewable energy source to mitigate current climate change 
problem (IPCC, 2018). One of the renewable fuels is biofuel, which is consumed widely in 
the transportation sector. For the first-generation biofuel, the resource production stage, 
which includes land preparation, plantation, and growing the plant, could generate a high 
amount of emission. On the other hand, for cellulosic biofuels especially those produced 
from agricultural waste materials, the emissions from land preparation and plantation often 
eliminated or reduced, therefore biofuels generated from this source typically has a better 
environmental footprint than the first-generation biofuel (Dunn, Mueller, Kwon, & Wang, 
2013; Warner et al., 2013).  
This aspect of cellulosic biofuels has attracted more study in recent years (Baral et al., 
2016; Baral & Shah, 2017; Kumneadklang, Larpkiattaworn, Niyasom, & O-Thong, 2015; 
Kurnia, Jangam, Akhtar, Sasmito, & Mujumdar, 2016; Nghiem, Senske, & Kim, 2016; 
Olupot, Candia, Menya, & Walozi, 2016). Life-cycle assessments (LCA) is the most 
common method to estimate the environmental impacts potentials of biofuel. Through LCA, 
an improvement on specific processing stage could be suggested. Therefore, there is a 
possibility to produce products at lower emissions. In the U.S., under the Renewable Fuel 
Standard (RFS) program, each type of biofuel must achieve a specific reduction in 
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greenhouse gas (GHG) emissions. For instance, to be classified as cellulosic biofuels, 60 % 
GHG emissions reduction from the 2005 petroleum baseline value must be achieved (EPA, 
2009). This has signified the importance of quantifying emissions associated with a specific 
biofuel. 
In the cellulosic biofuels production, the pretreatment stage is critical to ensure a high 
yield of products. Some pretreatment approaches are energy-intensive, as well as utilizing a 
high amount of chemicals and water, which causes substantial impacts on the environment. 
Other than that, the conventional downstream processing approach (distillation) in biofuels 
production is also energy-intensive, which further increases the carbon footprint. LCA on 
cellulosic biofuels production plant was mostly conducted on typical dilute sulfuric acid 
(DA) pretreatment and ammonia fiber explosion (AFEX) pretreatment (Adom, Dunn, & Han, 
2014; Baral & Shah, 2017; Cronin et al., 2016). Other potential pretreatment approaches are 
still lacking environmental impacts performance data, which limit its feasibility indication for 
commercial application. 
AFEX pretreatment was concluded to cause a higher environmental impacts potential 
than the DA pretreatment, which was due to the emitted ammonia and high lignin 
solubilization that led to low lignin usable for energy generation (Adom et al., 2014; Cronin 
et al., 2016). Nevertheless, Cronin et al. (2016) found that ethanol yield given by AFEX 
pretreatment were higher than those of DA pretreatment. DA pretreatment has the benefit of 
requiring a short reaction time, as well as the availability and low cost of the acid. However, 
the main problem in DA pretreatment is the corrosive nature of the acid and production of a 
high amount of inhibitor compounds (i.e., furfural and hydroxymethylfurfural) that could 
impair the growth of microorganisms in the fermentation process (Cao et al., 2016; 
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Chaturvedi & Verma, 2013). Alkali pretreatments have been proven to produce no inhibitor 
compounds (Jung et al., 2012; Sukri, Rahman, Illias, & Yaakob, 2014; Yang & Rosentrater, 
2017). In addition to that, alkali pretreatments other than AFEX, such as LMAA, and soaking 
in alkali have a low lignin solubilization effect as well as conducted at process conditions 
milder than those of AFEX (Kim, Lee, & Kim, 2016). 
For downstream processing, previous works have mentioned that by coupling other 
technologies for products separation along with conventional distillation process has 
succeeded in reducing more than 75 % of the total energy requirement (Huang, Ramaswamy, 
& Liu, 2014; Oudshoorn, Van Der Wielen, & Straathof, 2009). Different separation 
principles utilized to facilitate products separation includes membrane-based, gas-liquid 
equilibrium, and liquid-liquid equilibrium. Compared to the ethanol-water mixture, the needs 
of a pre-concentrate step before distillation process for the butanol-water mixture is more 
critical because butanol and water form azeotrope mixture at low butanol concentration and 
the resulting azeotrope mixture has a boiling point much higher than those of ethanol-water 
azeotrope (Huang et al., 2014). By application of new products separation methods such as 
in-situ stripping, adsorption, pervaporation, and solvent extraction, not only the capital for 
decanting equipment before butanol distillation was decreased but also the extent (i.e., 
equipment size and time) of other downstream processes (ethanol and acetone distillation) 
were reduced. 
Combination of better pretreatment methods with updated downstream processing 
approaches would likely give not only better economic performance but also better 
environmental impacts potential for cellulosic biofuels production. To date, there is no 
fundamental environmental impacts evaluation data available related to butanol production 
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from OPF. Such data is especially crucial to countries with oil palm as the major agricultural 
plant, where OPF is produced abundantly throughout the year. This data is also essential for 
further development effort of this biomass material. Therefore, in the present study, LCA was 
conducted on different pretreatment and products separation approaches for butanol 
production from OPF. 
Methodology 
Software Tools 
The life cycle assessment (LCA) was conducted in the Excel spreadsheet using 
process data extracted from SuperPro Designer V.9.0 (Intelligen, Inc., Scotch Plains, NJ, 
USA) simulation result. 
System Boundary and Functional Unit 
The scope of the study was gate-to-gate analysis, which includes feedstocks 
pretreatment, ABE fermentation, and downstream processing as a system boundary (Figure 
7.1). The functional unit used was 1 L butanol. The objectives of this study were to 
determine the environmental impacts associated with butanol production from OPF and to 
establish baseline data for LCA of LMAA pretreatment. 
Life Cycle Inventory 
Life cycle inventory emissions to air data from each model simulated in this study 
were summarized in Table 7.1. These data were either extracted from SuperPro Designer 
simulation software or manually calculated using the given formula. 
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Production Stages  
Pretreatment   
Different pretreatment approaches were selected primarily to serve as a comparison to 
the performance of low moisture anhydrous ammonia (LMAA) pretreatment, the main 
pretreatment method investigated in this study. The selected pretreatments were from 
available literatures on oil OPF pretreatment works, which includes autohydrolysis 
pretreatment, soaking in aqueous ammonia (SAA) pretreatment, and soaking in sodium 
hydroxide (NaOH) pretreatment. LMAA was conducted based on works from Cheng & 
Rosentrater (2016); Yang & Rosentrater (2017). In LMAA pretreatment, no emission of 
ammonia (NH3) to the environment was assumed. Nevertheless, separate impacts assessment 
was also conducted on 5 % and 9 % emissions of NH3 to the environment. The small 
percentage of NH3 retained in the feedstock was not affecting the pH of the system, and 
hence, neutralization procedure was not conducted (Yoo, Nghiem, Hicks, & Kim, 2011).  
Autohydrolysis pretreatment was modeled according to Sabiha-Hanim, Noor, & 
Rosma (2011). In autohydrolysis pretreatment, no chemical pretreatment agent was used. 
Water stream exiting the autohydrolysis reactor was cooled before being recycled to the next 
cycle of autohydrolysis process.  
SAA pretreatment was modeled according to Jung et al. (2012). Aqueous ammonia 
used in the pretreatment was highly diluted and not easy to recycle. The aqueous ammonia 
leaving the pretreatment unit was treated, and no fraction was assumed to be emitted.  
NaOH pretreatment was simulated according to Sukri et al. (2014). Similar to SAA, 
the NaOH solution leaving the pretreatment process was highly diluted. The stream was 
treated, and no emitted fraction was assumed.  
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For all models, with the assumption that all aqueous waste streams were appropriately 
treated and not leaked to the environment, the environmental impacts were assessed 
primarily based on electricity and steam generation, with a small fraction of the emitted 
components. 
Enzyme Hydrolysis and ABE Fermentation 
The treated OPF was hydrolyzed using cellulase enzyme according to Triwahyuni, 
Hariyanti, Dahnum, Nurdin, & Abimanyu (2015). After the hydrolysis process, the 
hydrolysate mixture was separated from the fibers residue and brought to the closed 
fermenter, while the fibers residues were used for combined heat and power (CHP) 
generation. The ABE fermentation was conducted following work from Ezeji & Blaschek 
(2008); Qureshi et al. (2008). There were no emissions from the hydrolysis process. 
However, the ABE fermentation process emitted a substantial amount of carbon dioxide 
(CO2) and hydrogen (H2). 
Downstream Processing  
The products separation from the fermented mixture was conducted using several 
different technologies, namely in-situ stripping, dual extraction, membrane pervaporation, 
and adsorption. In each simulation comparing different products separation technologies, 
LMAA was used in the pretreatment section. The density of each butanol, acetone, and 
ethanol was 810 kg/m3, 783 kg/m3, and 789 kg/m3, respectively (Wu, Wang, Liu, & Huo, 
2008). The subsequent processes of the downstream processing were simulated according to 
(Baral & Shah, 2016) with modification based on the stream compositions. 
In-situ stripping model development and simulation was according to work from 
Ezeji, Qureshi, & Blaschek (2003) (2013). In-situ stripping involves the use of fermentation 
gases to separate products from the fermentation broth. Fermentation gases were compressed 
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and heated to 35 °C before purged into the bottom of the fermenter. The stripping cycles run 
at fixed interval throughout the fermentation, and the stripping gases were released to the 
environment once the fermentation has completed (72 h). The retired fermentation broth 
contains unstripped products was gone through beer distillation according to Sánchez-
Ramírez, Quiroz-Ramírez, Segovia-Hernández, Hernández, & Bonilla-Petriciolet (2015) for 
separation of the remaining products. The mixture of products was then processed in a series 
of distillation columns to separate and purify acetone, ethanol, and butanol. A decanter unit 
was installed before the butanol distillation column to separate most of the water. The light-
phase from the decanter unit will go through butanol distillation column while the heavy-
phase which mostly water was recycled. 
The dual extraction model development and simulation was based on work from 
Kurkijärvi, Melin, & Lehtonen (2016). The fermentation broth was undergone the filtration 
unit to allow microorganisms recycling before going through extraction-1 where most of the 
acetone, butanol, and ethanol were separated. The organic stream proceeds to regeneration 
column to recover the extractant-1. The aqueous phase from extraction-1 was then undergone 
extraction-2 where the remaining extractant-1 was removed before recycling the broth back 
to the fermenter. Both extraction processes were conducted at 37 °C and 1 bar.  
Extractants used were 2-methyl-1-hexanol (non-biocompatible) and cyclopentane 
(biocompatible) for extraction-1 and extraction-2 respectively. The mixture of products from 
the regeneration column undergone distillation where lowest boiling point components 
(acetone and ethanol) were separated from the butanol-water mixture. The acetone-ethanol 
mixture was then undergone distillation to purify each of the acetone and ethanol. Because of 
high water content in the water-butanol mixture, decanter was used to generate 2 phase, in 
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which the lighter phase (butanol) will proceed to distillation for purification. Some of the 
extractant-1 and extractant-2 were unrecovered and ended in the aqueous waste stream, 
however, assumed to be appropriately treated. No emission from the extractants was 
assumed.  
The adsorption model development and simulation was according to Abdehagh, 
Gurnani, Tezel, & Thibault (2015); Águeda, Delgado, Uguina, Sotelo, & García (2013). 
Activated carbon (AC) F-400 was used as the adsorbent. Fermentation broth from fermenter 
undergone filtration to allow cell recycling. The cell-free mixture was loaded into the 
adsorption column, which is selective towards butanol and acetone. An optimistic condition 
was assumed (~99 % separation). Hot air (150 °C) was purged into the adsorption column to 
desorb the acetone and butanol, and regenerate the adsorbent. The stripped air containing 
acetone and butanol was condensed before going through a series of distillation. 
Approximately 0.70 %, 0.02 %, and 0.08 % of acetone, butanol, and water respectively, were 
emitted during this process. Column equilibration was conducted using water at room 
temperature before the next cycle of the adsorption process. The butanol- and acetone-
depleted solution from the adsorption column proceed to the ethanol distillation. Any 
aqueous waste stream was assumed to be appropriately treated.  
The pervaporation model development and simulation was following work from  
Qureshi & Blaschek (1999). Filtration was conducted before the process to recycle the cells. 
Silicone membrane was used in the process. In this simulation, an optimistic yield was 
assumed for the pervaporation membrane, where it was capable of achieving ~99 % 
separation efficiencies for all products. Compressed air was introduced to remove diffused 
products from the membrane surface, which then condensed and collected. Approximately 
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0.13 %, 0.01 %, 0.04 %, 0.01 %, 0.002 %, and 0.02 % of acetone, butanol, ethanol, acetic 
acid, butyric acid, and water respectively, were emitted during this process. The products-
free broth was then recycled to the fermenter. The mixture of products was processed in a 
series of distillation columns to separate and purify acetone, ethanol, and butanol. 
Heating and Cooling 
The remaining lignin and other fibers residues (undigested cellulose and 
hemicellulose) separated from the fermentable sugar after enzyme hydrolysis, were dried to 
approximately 10 % moisture content and used as a fuel for combined heat and power (CHP) 
generation system to generate steam and electricity. Actual Rankine Cycle consisting of a 
boiler unit and multistage steam turbine was used and simulated using SuperPro built-in 
expansion model. The generator was assumed to be 90 % efficient. 
 The CHP system was supplemented with natural gas because burning only fibers 
residues was not capable of generating enough steam for the production plant. The elemental 
compositions of lignin, cellulose, hemicellulose, and natural gas used in the simulation were 
tabulated in Table 7.1. Air and water at a pressure of 1 bar and 11 bar respectively, at 
atmospheric temperature, entering the boiler at a rate calculated by the software. The 
generated high-pressure, high-temperature steam (45 bar, 257 °C) was expanded in a 
multistage steam turbine to produce electricity as well as steam with specific pressures. The 
emissions generated by burning each type of fuels were calculated using the mentioned 
formula. 
Cooling water for the plant was supplied from the on-site cooling tower. The cooling 
tower used air to cool water from 30 °C to 25 °C. Chilled water requirement for the plant was 
generated on-site through the electric cooling, which cooled water from 10 °C to 5 °C. 
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Net Energy Value, Net Energy Ratio, and Fossil Energy Ratio 
From the simulation, the energy required for the production of butanol was 
determined and used for energy metrics calculation. The energy metrics assessed include net 
energy value (NEV), net energy ratio (NER), and fossil energy ratio (FER), which calculated 
based on Eq. (7.1), (7.2), and (7.3), respectively (Gupta & Tuohy, 2013; Morey, Tiffany, & 
Hatfield, 2006). The energy content in butanol, acetone, and ethanol was assumed to be 27.95 
MJ/L, 23.28 MJ/L, and 21.37 MJ/L, respectively (Wu et al., 2008). The energy required for 
obtaining the feedstocks was not considered in the evaluation. 
 
NEV = Ebutanol (MJ/L) + Eco-product (MJ/L) + Esold (MJ/L) – TEI (MJ/L)                        Eq. (7.1) 
NER = (Ebutanol (MJ/L) + Eco-product (MJ/L) + Esold (MJ/L))/TEI (MJ/L)                        Eq. (7.2) 
FER = (Ebutanol (MJ/L) + Eco-product (MJ/L) + Esold (MJ/L))/FEI (MJ/L)                         Eq. (7.3) 
Where: E = energy content; FEI = fossil energy input; and TEI = total energy input. 
 
Life cycle impact assessment (LCIA) 
The carbon dioxide (CO2) emission from burning different fuels in the CHP system 
was calculated based on Eq. (7.4), with 44/12 is the ratio of molecular weights of CO2 and 
carbon (EPA, 2016). The emitted methane (CH4) and nitrous oxide (N2O) were estimated 
based on Eq. (7.5) (EPA, 2016). Emission factors used in the calculation were 1.0 g 
CH4/MMBtu and 0.1 g N2O/MMBtu for natural gas, while those for waste fibers were 32 g 
CH4/MMBtu and 4.2 g N2O/MMBtu. The carbon content and higher heating value (HHV) of 
each fuel are shown in Table 7.2. These emissions were then categorized based on biogenic 
and non-biogenic. Biogenic emissions were contributed by fermentation gases and fibers 
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residues burning in the CHP system, while the non-biogenic emissions were contributed by 
natural gas combustion in the CHP system. 
 
Emissions = Massfuel (kg) × Fuel carbon content (%) × (44/12)                                   Eq. (7.4) 
Emissions = Massfuel (kg) × HHVfuel (MJ/kg) × Emission factor (g/MMBtu)              Eq. (7.5) 
 
Environmental impacts assessment from the butanol production plant was conducted 
based on several different criteria, which include global warming potential (GWP) (kg CO2 
eq.), acidification (kg SO2 eq.), eutrophication (kg N eq.) and ecotoxicity (CTUeco/kg) 
potentials. Only emissions generated from the plant were considered for assessment of 
specific environmental impacts potential. All aqueous waste streams were assumed to be 
appropriately treated, thus not creating any environmental impacts.  
GWP was calculated from electricity usage and steam generation. Ecotoxicity and 
eutrophication potentials were estimated from the emissions containing solvents products and 
N2 produced from the processes. Acidification potential was calculated only for the LMAA 
pretreatment model based on varying NH3 emitted from the process. The impact calculation 
and assessments were done with the aid of the Tool for Reduction and Assessment of 
Chemical and other environmental Impacts (TRACI) 2.1 database. GWP was calculated 
based on Equation (7.6), while the other impacts potentials were calculated by multiplying 
the mass of a specific emission with the TRACI 2.1 emission factors (Bare, Young, & 
Hopton, 2012). 
 
GWP (kg CO2 eq./L) = CO2 (kg/L) + (CH4 (kg/L) × 25) + (N2O (kg/L) × 298)          Eq. (7.6) 
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Results and Discussions 
Life Cycle Energy Metrics 
The life-cycle energy metrics comparison for cellulosic butanol production simulated 
using different pretreatment and products separation technologies were shown in Table 7.3 
and 7.4, respectively. The fossil energy input was coming from natural gas combustion for 
heat and power generation in the CHP system. In general, the variation of electricity required 
by all models was small compared to the heat needed between models.  
Among all pretreatment technologies evaluated, autohydrolysis pretreatment model 
recorded the highest heat and electricity requirements due to the high amount of feedstock 
loading (hence increased milling work), as well as operated at a higher temperature than the 
other pretreatments. To fulfill the high demand for energy, the CHP system in autohydrolysis 
model also generated a high amount of electricity that sold to the grid. As mentioned in 
Chapter 6, SAA pretreatment has the lowest efficiency and required the highest amount of 
feedstock as compared to other pretreatments. Therefore, the SAA model was also generated 
the highest amount of fibers residues for the CHP system. The other pretreatment processes 
modeled have approximately similar total energy requirements.  
When comparing different products separation technologies, in-situ stripping model 
recorded the highest electricity requirement (7.20 MJ/L), while the adsorption model 
recorded the highest heat requirement (23.44 MJ/L). The highest total energy requirement 
was recorded by the adsorption model (30.11 MJ/L), while the pervaporation process 
required the least energy requirement (19.43 MJ/L). In general, all simulated models 
produced the same amount of fibers residues used to fuel the CHP system. However, 
different products yield from each model rendered a different value of energy per unit 
butanol (Table 7.4). Similar to the earlier simulations, those required the highest amount of 
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heat had the highest amount of excess electricity sold to the grid. As elaborated in Chapter 6, 
the adsorption process needed a high amount of heat in the products purification section due 
to the high volume of water available in the process. 
NEV, NER, and FER were calculated to assess the energy performance of the 
processes. Positive NEV value is desired for biofuel to be a substitute for fossil fuel because 
it means more energy was generated than consumed (Tao et al., 2014). Among pretreatment 
technologies evaluated, NaOH pretreatment model recorded the highest NEV (23.87 MJ/L), 
followed by LMAA, SAA, and autohydrolysis pretreatment models (Table 7.3). Comparing 
different products separation technologies, pervaporation model recorded the highest NEV 
(24.69 MJ/L), followed by dual extraction, in-situ stripping, and adsorption model (Table 
7.4). As a comparison, Tao et al. (2014) recorded NEV of 90 MJ/GGE (~15.00 MJ/L) for n-
butanol produced from corn stover, and Morey et al. (2006) reported NEV of  30.50 MJ/L for 
ethanol produced from corn stover.  
For NER, a value higher than 1.0 is desired, which indicates the positive energy 
balance (Gupta & Tuohy, 2013). NER value for NaOH pretreatment model was the largest 
(1.99) compared to other pretreatment technologies, while the highest NER value among all 
products separation approaches was recorded by pervaporation model (2.27). Only the 
autohydrolysis pretreatment model had NER lower than 1.0, which indicates it used higher 
energy for production process than the energy available in the products.  
Baral, Quiroz-Arita, & Bradley (2018) recorded NER of 1.78, 1.80, 1.73, 0.41, and 
3.69 from the steam explosion, DA, AFEX, ionic liquid, and biological pretreatments 
respectively, on corn stover for butanol production. When considering only chemical 
pretreatment methods (DA and AFEX), their NER values were not far different from those 
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recorded in this study. Although they were assessing different pretreatment methods, it could 
serve as a baseline value for this study.  
Another comparison on the NER value was from those recorded by Tao et al. (2014), 
which were 2.8 and 2.2 for corn stover-based n-butanol and isobutanol respectively, which 
were higher than almost all NER values recorded in this study. However, their NER values 
without electricity displacement credit was 1.5 and 1.4 for n-butanol and isobutanol 
respectively, which were similar to those recorded in most models in this study before 
inclusion of electricity credit (1.68, 0.43, 1.14, 1.65, 1.68, 1.32, 2.06, 1.80 for LMAA, 
autohydrolysis, SAA, NaOH, in-situ stripping, adsorption, pervaporation, and dual extraction 
models respectively – data not shown in results table). It might indicate that their production 
plant had generated more amount of excess electricity than those in this study, which 
probably be due to the low consumption, or due to the high requirement of process steam that 
at the same time produced a high amount of electricity. In general, the NER value of 
cellulosic butanol cannot compete with the NER value of the cellulosic ethanol. Cronin et al. 
(2016) reported NER value in the range of 4.96 – 9.00 for cellulosic ethanol produced from 
AFEX- and DA-treated corn stover, switchgrass, and miscanthus.  
FER measures the degree of renewability of the butanol produced. The larger the FER 
indicates that the process was generating a considerable output of renewable energy in 
comparison to the low amount of fossil energy input. FER for NaOH pretreatment model was 
the greatest (6.47) compared to the other pretreatments, while FER for pervaporation model 
was the highest (7.24) among other products separation technologies evaluated. No available 
study has provided any FER value of cellulosic butanol for comparison purposes.  
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Nevertheless, direct comparison with cellulosic ethanol showed that FER value 
obtained in this study were in agreement with their results. Morey et al. (2006) reported FER 
of 5.31 for corn stover ethanol while Hammerschlag (2006) estimated FER value of 
cellulosic ethanol in the range of 4.4 – 6.6 (Center for Sustainable Systems University of 
Michigan, 2018). These FER values are far better than those of gasoline, which is 0.8. In 
general, there was no direct relationship between NEV, NER, and FER, i.e., those recorded 
highest NEV not necessarily had the highest NER and FER. Nevertheless, all technologies 
evaluated have recorded values that were almost similar to available works. LMAA 
pretreatment model recorded neither the best nor the lowest values of all energy metrics 
evaluated, which suggests its prospect for commercial application.    
Process Emissions 
All energy metrics evaluated above did not show any relationship with the emissions 
generated by the process. A process that has the highest energy metrics values not necessarily 
have a specific amount (highest or lowest) of emissions. The results of gate-to-gate process 
emissions from butanol production plant simulated using different pretreatment and products 
separation technologies were tabulated in Table 7.5 and 7.6, respectively. The emissions 
evaluated include CO2, N2O, and CH4, which then differentiated between biogenic and non-
biogenic. In general, the process with a high-energy requirement recorded high emissions, 
which generated mostly from the energy generation process itself (CHP system).  
Baral et al., (2018) conducted an LCA on the steam explosion, sulfuric acid, ammonia 
fiber explosion, ionic liquid, and biological pretreatments for butanol production from corn 
stover. They estimated biogenic CO2 between 5.21 – 11.46 kg CO2/L butanol, which was 
overlapped only with LMAA pretreatment model in this study (10.32 kg CO2/L butanol). 
However, when comparing different products separation methods, the biogenic CO2 emission 
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of the process showed much lower results – 10.32, 8.30, 8.98, and 8.34 kg CO2/L butanol for 
in-situ stripping, adsorption, pervaporation, and dual extraction models respectively. The 
higher CO2 emission recorded in in-situ stripping model was mainly due to the longer 
fermentation process in this model because of the immediate solvents removal effect. 
According to the Intergovernmental Panel on Climate Change (IPCC), only non-
biogenic CO2 emissions should be considered as greenhouse gas (GHG) emissions, which 
eventually contributes towards an increase in global warming potential (GWP). The biogenic 
CO2 is not considered as GHG emission because throughout its life, growing plant 
conducting photosynthesis process by taking CO2 from the atmosphere (Tao et al., 2014). 
The biogenic CO2 emissions fraction in most of the simulated models were higher than the 
non-biogenic CO2 emission due to the large fraction of CO2 generated during the 
fermentation process and the waste fibers burning process in CHP generation system.  
The case was different for N2O and CH4 emissions in which both biogenic and non-
biogenic fractions from these emissions were considered as GHG emissions because growing 
plants have no abilities to utilize those gases throughout its life. The higher biogenic N2O and 
CH4 emissions than those of non-biogenic were coming from the combustion of fibers 
residues in the CHP system. In all simulation cases, the amount of natural gas required for 
energy generation was multiple degrees higher than the available amount of fibers residues. It 
indicated that burning biomass for fuel generated higher emission than burning fossil fuel 
(natural gas). By using fibers residues as the fuel for CHP system, the cost associated with 




Global warming potential (GWP) 
 Table 7.7 tabulated the GWP calculated from the emission data in Table 7.5 and 7.6.  
Among all pretreatment models, LMAA had the lowest GWP (5.72 kg CO2 eq. /L butanol), 
while pervaporation recorded the lowest GWP (3.92 kg CO2 eq. /L butanol) among all 
products separation models. By considering the electricity sold to the grid in the calculation, 
14.73 %, 5.53 %, 0.05 %, and 0.19 % reduction in GWP were recorded for LMAA, 
autohydrolysis, SAA, and NaOH pretreatment models, respectively.  
While the in-situ stripping, adsorption, pervaporation, and dual extraction products 
separation model recorded GWP reduction of 14.73 %, 8.37 %, 11.42 %, and 7.73 %, 
respectively, when electricity credits were included. As a comparison, Tao et al. (2014) 
recorded 29 % and 35 % GHG emissions reduction for isobutanol and n-butanol production 
respectively, with electricity displacement credit. Another available study on LCA of OPF-
based biofuel recorded a GWP of 3.84 kg CO2 equivalent/ kg bioethanol produced (value has 
excluded the plant cultivation stage which included in their study) (Ofori-Boateng & Lee, 
2014). 
Other environmental impacts potential 
 Table 7.8 shows the ecotoxicity and eutrophication potentials of all simulated models. 
In general, ecotoxicity potential was very low for all models with only decimals different 
between each. On the other hand, the eutrophication potentials showed slightly larger values, 
with autohydrolysis pretreatment model and pervaporation model recorded the highest value 
among all pretreatment and products separation models, respectively.  
Ecotoxicity is the measure of the toxic effect of chemical compounds on human and 
the whole ecosystems (Bare et al., 2012).  Eutrophication impact is the enrichment of 
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nutrients (nitrogen and phosphorus) in the ecosystem. Phosphorus could have a more 
negative impact on freshwater, while nitrogen could give a negative effect on freshwater and 
air. Among the effects of nitrogen to air are impair breathing ability, limit visibility, and alter 
plant growth (EPA, 2019; Scott, 2004).  
LMAA pretreatment had slightly higher ecotoxicity and eutrophication impacts 
potentials than the other alkali pretreatments assessed. However, if a small fraction of the 
NH3 used were emitted, the degree of eutrophication potential was increased, and it also 
caused acidification potential to occur (Table 7.9). It suggests that to avoid severe 
environmental impacts from LMAA pretreatment, efficient unit operation enabling no 
pretreatment agent (NH3) escape from the system and allowing for maximum NH3 recycling 
must be in place along with rigorous safety measures. Acidification impact potential 
indicates the increase in acidity of the local environment. Increase air acidification could 
cause damage to building, plant life, and ecosystems (Bare et al., 2012). 
 Ofori-Boateng & Lee (2014) in their work recorded 0.13 kg SO2 eq., 0.13 kg N eq., 
and 0.04 CTUeco of acidification, eutrophication, and ecotoxicity potentials, respectively, for 
each kg of ethanol produced. LMAA pretreatment model in this study potentially generated a 
higher acidification impact potential if the pretreatment unit operations were not properly 
sealed, causing NH3 leaked to the air. There was no previous LCA study on butanol 
production from OPF for a more appropriate comparison. 
Conclusions 
The results have shown that LMAA pretreatment performance was comparable to 
conventional chemical pretreatment methods evaluated in this work. With the benefit of 
conducted without increased temperature, LMAA pretreatment model recorded the lowest 
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energy requirement compared to other pretreatment models. NaOH pretreatment model 
capable of giving better products yield than the LMAA pretreatment, which led to higher 
energy metrics values. LMAA pretreatment process recorded among the lowest GWP 
compared to the other pretreatment models. Further study of the combination of LMAA 
pretreatment with different products separation approaches for butanol production plant have 
shown that the pervaporation process required the lowest energy compared to other 
processes. Pervaporation approach also recorded considerably low GWP but not for the 
ecotoxicity and eutrophication potential. Nevertheless, the value of the latter environmental 
impacts was still in the low range. The overall results have shown the potential of LMAA 
pretreatment method in combination with pervaporation and dual extraction for commercial 
application. Although the butanol production cost recorded by these models were slightly 
higher than those of the LMAA pretreatment-in-situ stripping model (chapter 6), there was a 
possibility of cost reduction through lower membranes and extractants costs. 
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Figure 7.1 Gate-to-gate system boundary applied in the assessment. 
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Autohydrolysis SAA NaOH 
CO2         15.88          57.37          25.55          18.64  
N2O 0.32 0.59 0.59 0.44 
CH4 2.44 4.68 4.56 3.34 
N2  0.08 0.08 0.07 0.04 
Butanol 1.30E-05 1.22E-05 1.25E-05 1.25E-05 
AA* (5%) 0.14 - - - 






CO2  18.31   12.75   13.29  
N2O 0.30 0.31 0.19 
CH4 2.34 2.36 2.23 
N2  0.72                             0.97                          0.07                     
Acetone 2.08E-03 4.18E-04 2.58E-05 
Butanol 1.74E-04 4.04E-05  
Ethanol - 3.67E-05 - 
Acetic acid - 5.99E-06 - 
Butyric acid - 7.48E-07 - 
*AA – Anhydrous ammonia 
 










Carbon 58.45 44.40 45.50 75.85 
Hydrogen 6.80 6.20 6.10 24.15 
Nitrogen 1.12 - - - 
Oxygen 33.63 49.40 48.40 - 
HHV*(MJ/kg) 22.16 17.6 17.9 49.18 




Table 7.3 Energy metrics of pretreatment technologies simulated. 
Parameters 





Process heat  16.55 78.47 25.71 17.38 
Electricity 7.20 14.46 9.26 6.75 
Excess electricity (to grid) 5.61 48.93 11.74 8.16 
Total energy required 23.75 92.93 34.97 24.13 
Co-product energy credit 11.90 11.90 11.90 11.90 
NEV  21.71 -4.15 16.61 23.87 
NER (MJ/MJ) 1.91 0.96 1.48 1.99 
FER (MJ/MJ) 4.89 1.37 3.89 6.47 
*the units are MJ/L butanol unless otherwise stated; LMAA – low moisture anhydrous 
ammonia; SAA – soaking in aqueous ammonia; NaOH – soaking in sodium hydroxide 
solution; NEV – net energy value; NER – net energy ratio; FER – fossil energy ratio. Co-
product energy credit calculated based on production of 1 L butanol (when 1 L butanol is 
produced, 0.409 L acetone and 0.110 L ethanol were also produced). 
 
Table 7.4 Energy metrics of products separation technologies simulated. 
Parameters 






Process heat 16.55 23.44 13.19 15.89 
Electricity 7.20 6.67 6.24 5.62 
Excess electricity (to grid) 5.61 11.54 4.08 5.22 
Total energy required 23.75 30.11 19.43 21.51 
Co-product energy credit 11.90 11.91 12.10 10.76 
NEV  21.71 21.30 24.69 22.42 
NER (MJ/MJ) 1.91 1.71 2.27 2.04 
FER (MJ/MJ) 4.89 3.07 7.24 4.92 
*the units are MJ/L butanol unless otherwise stated; NEV – net energy value; NER – net energy 
ratio; FER – fossil energy. Co-product energy credit calculated based on production of 1 L butanol 
(production of 1L of butanol will also produce 0.409 L acetone and 0.110L ethanol in in-situ 
stripping model, 0.409 L acetone and 0.112 L ethanol in adsorption model, 0.411 L acetone and 










Feedstocks consumed (kg/L) 10.48 12.39 13.56 8.21 
Water consumed (m3/L) 0.06 0.25 0.07 0.06 
Emissions 
CO2, biogenic (kg/L) 10.32  15.47 16.81 13.10 
CO2, non-biogenic (kg/L) 5.56  41.90 8.74 5.54 
N2O, biogenic (g/L) 0.31  0.52 0.58 0.43 
N2O, non-biogenic (g/L) 0.01  0.07 0.02 0.01 
CH4, biogenic (g/L) 2.35  3.97 4.41 3.24 
CH4, non-biogenic (g/L) 0.09  0.70 0.15 0.09 
 








Water consumed (m3/L) 0.06 0.07 0.05 0.05 
Emissions 
CO2, biogenic (kg/L) 10.32  8.30   8.98  8.34  
CO2, non-biogenic (kg/L) 5.56      10.01        3.77        4.95  
N2O, biogenic (g/L) 0.31  0.29     0.30       0.18  
N2O, non-biogenic (g/L) 0.01  0.02        0.01     0.01  
CH4, biogenic (g/L) 2.35    2.17     2.30    2.15  
CH4, non-biogenic (g/L) 0.09   0.17          0.06     0.08  
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Table 7.7 Global warming potentials (GWP) of simulated cellulosic butanol production 
plants. 
Models 





Different pretreatment   
LMAA 5.72 (0.20) 4.88 (0.17) 
Autohydrolysis 42.19 (1.51) 39.86 (1.43) 
SAA 9.03 (0.32) 9.03 (0.32) 
NaOH 5.75 (0.21) 5.74 (0.21) 
Different products separation   
In-situ stripping 5.72 (0.20) 4.88 (0.17) 
Adsorption 10.16 (0.36) 9.31 (0.33) 
Pervaporation 3.92 (0.14) 3.47 (0.12) 
Dual extraction 5.06 (0.18) 4.67 (0.17) 
*values in parentheses are in kg CO2 eq./MJ. 
 




(CTU eco/L butanol) 
Eutrophication 
 (kg N eq./L butanol) 
Different pretreatment 
LMAA 2.84E-06 0.011 
Autohydrolysis 2.67E-06 0.012 
SAA 2.72E-06 0.010 
NaOH 2.72E-06 0.006 
Different products separation 
In-situ stripping 2.84E-06 0.011 
Adsorption 3.98E-04 0.118 
Pervaporation 2.14E-04 0.142 
Dual extraction 4.49E-06 0.011 
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Table 7.9 Environmental impacts comparison from LMAA pretreatment model with varying 
anhydrous ammonia emitted. 
Environmental impacts potential No emission* 5 % emission* 9 % emission* 
GWP (kg CO2 eq./L butanol) 5.72 5.72 5.72 
Ecotoxicity (CTUeco/L butanol) 2.84E-06 2.84E-06 2.84E-06 
Acidification (kg SO2 eq./L butanol) - 0.27 0.48 
Eutrophication (kg N eq./L butanol) 0.011 0.028 0.042 
*assessed based on emitted anhydrous ammonia only. 
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CHAPTER 8.    OVERALL CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Overall, this study has demonstrated a possible way for the utilization of waste or 
low-value biomass materials for value-added product production, as well as provided 
feasibility and sustainability data of the suggested processes. The data is useful for further 
development effort of the processes. 
In the first study, LMAA pretreatment was conducted on different biomass namely 
Distillers Dried Grains with Solubles (DDGS), corn gluten feed (CGF), corn fiber (CF), and 
oil palm frond (OPF). The results have shown that LMAA gave better results (significant 
changes in compositions and enzymatic digestibilities after the pretreatment) at higher MC 
(50 % db.) of materials for CGF and CF, while at low MC (30 % db.) for DDGS and OPF.  
Starch content in CGF and CF was believed to absorb water faster than those of other 
structural components such as cellulose, which then results in higher total water absorbed by 
the materials. DDGS and OPF contain a significantly low amount of starch, which has 
resulted in a lesser amount of total water absorbed in the system that retained as bound water. 
There was no significant difference in the results for most of the materials between the time 
factors tested (24 and 72 h).  
Pretreatment is primarily aimed to break lignin structure, exposed the cellulose 
structure, and therefore, provide more sites for the enzyme reaction. In this study, a 
significant reduction of AIL content was recorded in most of the materials after the 
pretreatment, which indicates the efficiency of the process. Following that, α-cellulose 
content of raw materials was increased after the pretreatment except for the CGF. The 
compositions results were compared to the enzymatic digestibilities results, and the best 
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LMAA operating conditions were determined; 30 % MC and 24 h incubation for DDGS, and 
50 % MC and 24 h incubation for CGF, CF, and OPF. 
The results suggest that treated DDGS, CGF, and CF could be supplemented to the 
ethanol fermentation process and would potentially increase the yield. However, more 
appropriate parameters for LMAA pretreatment of CGF should be determined to avoid sugar 
degradation. Other than ethanol fermentation, glucose obtained from the hydrolysate of 
treated biomass suitable as a substrate for butanol production and other biochemical 
production. Study related to cellulosic butanol production from a variety of raw materials is 
still lacking. Therefore, this study also attempted to assess the potential of LMAA-treated 
biomass for butanol production. OPF was used as the model substrate for all biobutanol plant 
simulation works.  
The second study was aimed to determine the best plant scale for the simulation 
work. Diseconomies of scale effect were observed at the biobutanol production plant scale 
larger than 95.34 × 106 L/y. The minimum butanol production cost ($ 2.05/L), as well as the 
lowest OpEx and CapEx per liter butanol, were recorded from 95.34 × 106 L/y. 
Approximately 1.1 × 106 t of OPF were required for the selected plant scale, which 
equivalent to 77 % of materials cost. Materials cost was contributed to 21.72 % of OpEx 
following the major OpEx contributor, utility cost, which took approximately 41 % of OpEx. 
However, by installing the CHP generation system in the model, a substantial reduction of 
heat and power costs were recorded.  
The major CapEx contributor was ABE fermentation section (67.17 %). Products 
separation stage has recorded the lowest capital cost but needed the highest heat and power. 
LMAA pretreatment section combined with enzyme hydrolysis only contributed to 
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approximately 12 % of the butanol production cost. Adom et al. (2014) mentioned that a 
pretreatment cost which takes more than 18 % of the biofuel production cost as capital 
intensive. Therefore, this could indicate the commercialization potential of LMAA 
pretreatment. Optimization of the process through sensitivity analysis has shown that by 
achieving higher enzymatic digestion yield (+10 % from the baseline value) in the hydrolysis 
process, the butanol production cost could potentially reduce to $ 1.63/L. By installing the 
CHP generation system to the simulated model, the butanol production cost was reduced to $ 
1.85/L, while ~40% reduction of feedstocks price was only able to reduce the production cost 
to $ 1.92/L. Other parameters tested in the sensitivity analysis, which includes pretreatment 
rate, labor cost, anhydrous ammonia price, and nitrogen source did not affect the butanol 
production cost in a significant degree. 
In the next part of the study, using the plant scale obtained from economies of scale 
study, further improvements on the models were applied, which includes the adoption of the 
CHP system to supply the heat and power required for the plant and on-site cooling water 
generation. The simulations were also conducted using different pretreatment (LMAA, 
autohydrolysis, SAA, and NaOH) and products separation (in-situ stripping, adsorption, 
pervaporation, and dual extraction) approaches. The aim was to compare the performance of 
LMAA pretreatment with other pretreatment approaches and to determine the best plant set-
up for the production of biobutanol at higher products yield and lower cost.  
The results showed that among all pretreatment tested, NaOH pretreatment has 
produced the best yield, while the best yield among all products separation techniques tested 
was given by adsorption process. Nevertheless, the lowest butanol production cost of $ 
1.58/L was recorded from the combination of LMAA pretreatment and in-situ stripping 
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processes. NaOH pretreatment required higher materials cost, while the CapEx and OpEx for 
the adsorption process were considerably higher than the other separation process, which 
then increased the butanol production cost from these processes. The recorded cost was $ 
1.79/L and $ 6.29/L for NaOH pretreatment and adsorption products separation process, 
respectively. In addition to that, both NaOH pretreatment and adsorption process required 
higher heat and power costs compared to the baseline case of LMAA and in-situ stripping 
process, respectively. In several of the model (LMAA pretreatment/in-situ stripping process, 
and dual extraction process), by considering xylose content and its potential in butanol 
production, further reduction of butanol production cost was estimated with promising profit 
generated.  
This part of the study had also shown in detail the differences in cost incurred by the 
simulated plant when partial CHP and full CHP system were adopted. In general, by entirely 
depending on the CHP system to generate heat and power required for the plant, the 
operating cost was increased due to the cost of purchasing the natural gas. Approximately in 
the range of 5 – 30 % operating costs increased were recorded in full CHP systems from all 
simulation cases as compared to partial CHP systems. However, the full CHP systems were 
also generated a larger amount of electricity that was sold to the grid as the by-product credit, 
which led to lower butanol production cost than those of partial CHP system.  
Finally, the study was focused on the environmental impacts of all plant models 
tested. The assessed impacts were global warming potential (GWP), ecotoxicity air potential, 
and eutrophication air potential. In the previous section, LMAA pretreatment combined with 
in-situ stripping products separation process has recorded the lowest butanol production cost. 
The same process combination has not recorded the lowest environmental impacts potential. 
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LMAA pretreatment combined with either pervaporation or dual extraction products 
separation processes recorded among the lowest GWP. It was due to the lower energy 
consumption of the processes, which reduced the total emission from the energy generation 
process.  
LMAA pretreatment process, as compared to other pretreatment process has recorded 
net energy value (NEV), net energy ratio (NER), and fossil energy ratio (FER) in the middle 
range among all other models simulated. The fact that these values were neither the lowest 
nor the highest might indicate that LMAA pretreatment possesses a potential for 
commercialization and further study should be conducted. With a substantial reduction in the 
cost of membranes and extractants for pervaporation and dual extraction process 
respectively, these products separation processes could potentially serve a promising choice 
for low environmental impacts products separation approaches for ABE fermentation 
process. In addition to that, the energy metrics values from almost all simulation cases were 
better than those of gasoline.  
Recommendations for Future Work 
In the LMAA pretreatment laboratory work, the anhydrous ammonia concentrations 
used were following published works. It was shown from the results that for DDGS and 
CGF, the α-cellulose content was decreasing with increasing of the LMAA incubation time. 
It could indicate that the anhydrous ammonia concentration used was too high for those 
materials. For future works, variety of anhydrous ammonia concentrations could be tested to 
observe its effect on biomass compositions as well as enzymatic digestibilit ies.   
Other than that, due to an issue with the equipment, xylose quantification after 
LMAA pretreatment could not be conducted. For future work, it is worth to determine the 
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xylose change after the pretreatment process to fully assess the efficiency of the pretreatment 
process. Xylose is a product from hemicellulose hydrolysis. Although the hemicellulose 
content in OPF that was used in the simulation works was notably lower than the cellulose 
content, it still potentially produces xylose, which eventually could be converted into butanol 
through ABE fermentation process. With data on xylose available, simulation works, as well 
as TEA and LCA data generated, would be more accurate. 
Finally, for future work on the TEA of cellulosic butanol, the focus should be made 
on the parameters that would likely generate a profit (as shown in the sensitivity analysis 
results) for the simulated plant. After that, detail economic analysis including the minimum 
selling price (MSP) of the butanol produced and cash flow analysis of the simulated plant 
should be conducted in order to generate more useful data towards commercialization of the 
suggested process.   
